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SUMMARY

The relationship between stress and strain, and between
stress and permanent set, for 18:8 alloy ag affected by
prior plastic deformation is discussed. Hysteresis and
creep and their effects on the stress-strain and stress-set
curves are alse considered, as well as the influence of
duration of the rest interval afier cold work and the in-
Sfluence of plastic deformation on proof stresses, on the
meodulus of elasticity at zero stress (E,), and on the cur-
vature of the stress-strain line. A constant (Cy) is sug-
gested to represent the variation of the modulus of elasticity
with stress.

Curves of variation of proof siress with prior plastic
deformation often have many oscillations between high and
low values. Causes of the most abrupt of these oscilla-
tions are: Variation in the duration of the rest interval,
and variation in the distribution of the experimental
points throughout the range of extension. These oscilla-
tions probably are due in part to variations of internal
stress. Variations in the rest inferval generally have oppo-
site effects on the slopes of the stress-set and the siress-
strain curves. When E,, O, and the corresponding
stress-set curve are known, a fairly good picture is avail-
able of the elastic strength. Slight prestretching, to the
extent of ¢ small fraction of 1 percent, generally causes
considerable improvement in elastic strength. VVhether
most of the improvement is permanent can be eslablished
only by further experiment.

Comparison is made between values of Ey and Oy for
18:8 alloys and for other typical metals and alloys.

INTRODUCTION

This report deals with some phases of an investiga-
tion, which was sponsored by the National Advisory
Committee for Aeronautics, of the elastic properties of
high-strength aircraft metals. The tensile elastic prop-
erties of & widely used corrosion-resisting steel con-
taining about 18 percent chromium and 8 percent
nickel were investigated. In the annealed condition,
this alloy is relatively soft. It can be strengthened by
cold work but not (to an importent extent) by heat

treatment. As its strength and elastic properties de-
pend on the degree of cold work, the investigation con-
sidered the influence of cold work on these properties.

The elastic properties of a metal, as considered in
this report, comprise the modulus of elasticity and the
elastic strength. The elastic strength is generally ex-
pressed, for technical purposes, by one or more indices
intended to represent the stress that causes the metal
to reach, or even slightly to surpass, the boundary
between elastic and inelastic deformation. This bound-
ary was at one time considered to be definite and tech-
nically determinable. Below this boundary, the metal
was assumed to behave in accordance with the mathe-
matical theory of elasticity. The sfress was assumed,
in accordance with Hooke's law, to be proportional to
the strain. On removal of stress the metal was as-
sumed to return to the exact form that it had before
the stress was applied. These properties were also
assumed to be unchanged by subdivision or by variation
of the size of the solid.

For some years, however, the meaning attached to _
the term “‘elastic strength’ has been gradually chang-
ing. It has been found that the estimated proportional
limit depends on the sensitivity of the method of meas-
urement; the greater the sensitivity, the lower is the
estimated proportional limit. Sayre (references 1 and
2} has shown, by an extremely sensitive method of
measurement applied to ordinary steels and to some
nonferrous metals, that the stress-sfrain line is prob-
ably curved throughout its entire length. Such curva-
ture, moreover, is not necessarily due to a combination
of elastic and plastic deformation. Mathematical
studies of the probable variation of the attractive and
repulsive forces with distance between the atoms of a
space lattice seem to indicate that a curvilinear rela-
tionship between stress and strain is to be expected
(reference 3). According to this view, Hooke’s law is
only an approximate representation of the stress-strain
relationship within ecertain limits. A continuously
curved stress-strain line obviously could not be utilized
to find a definite boundary between elastic and inelastic
deformation.
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With development of knowledge of the microstructure
of metals, it became evident that metals in general
commercial use do not conform to another of the postu-
lates of the mathematical theory of elasticity. These
metals, which are made up of crystallites of varying
orientation, are not unchanged by subdivision. Be-
cause of the varying orientation, the crystallites vary
greatly in modulus of elasticity and elastic strength in
any given direction in a polycrystelline body. In such
8 metal there could be no definite, technically deter-
minable boundary between elastic and inelastic de-
formation. With increase in mean stress, the transi-
tion from elastic to plastic deformation is gradual.

It is conceivable, however, that a body could exhibit
a curvilinear stress-strain relationship and a gradual
transition from elastic to plastic deformation and yet
be perfectly elastic below a certain stress. (By ‘‘per-
fect elasticity’’ is here meant the ability to resume at
once its exact original form after removel of stress or
after return, by any route, to the original stress.) The
investigations of Hopkinson and Williams (reference
4) and Rowett (Feference 5), however, have shown the
existence of mechanical hysteresis at ranges of stress
far below the elastic range. The investigations of
Sayre (references 1 and 2) have confirmed these con-
clusions and have led to the view that hysteresis exists
within any stress range. Such hysteresis, although it
is generally called ‘“‘elastic hysteresis,” is evidence of
imperfect elasticity, if perfect elasticity be defined as
previously stated. According to the evidence, there-
fore, metals probably are not perfectly elastic at any
stress.

Even the technically determined limits of elasticity
are altered by slight surpassing of these limits (over-
stress). (See references 6 and 7.) Although the
stress-strain relationship may be approximately linear
before overstress, the relationship becomes curvilinear
when the metal is retested immediately after release
of the overstress. Rest of some overstressed metals
at room temperature restores the stress-strain line to
its original form. Restoration is hastened, however,
by heating to 80°-100° C. (reference 7) or slightly
higher. Among the metals that are thus restored to
an approximately linear stress-strain relationship are
the low-carbon steels. For some overstressed metals,
however, complete restoration does not result from
rest at room temperature or at 80°-100° C. but may
result from heating at considerably higher temperatures.

As shown by Bauschinger (reference 6), overstress in
tension causes immediate lowering of the elastic limit
and yield point in compression, and vice versa. The
stress-strain line is thus lowered more for stresses in the
reverse direction than for stresses in the direction of
the prior overstress. The elastic strength, in the direc-
tion opposite to the previous overstress, is not restored
to its primitive value, even after rest or slight heating.
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All these effects of overstress vary with the amount
of the overstress (degree of prior plastic deformation).
Study of the elastic properties of metals should there-
fore include study of the effects of slight overstress and
of more severe cold work,

Even at stresSes below the technically determined
elastic limit, deformation may increase with time at
constant load. A prevalent designation for such in-
crease is ‘‘drift.” After release of load, deformation
generally continues for a time in the reverse direction
to that of the loading. Such deformation is often
termed “‘elastic after effect,” although such 2 term is
not generally appropriate. After fairly rapid increase
or remaval of load, & considerable part of the subsequent
change of dimension may be due to “thermal creep.”
This effect is a purely elastic one caused by change of
temperature. The phenomenon was first deseribed
and explained by Kelvin (reference 8). Theimportance
of thermal creep has been exphasized more recently by
Sayre (references 9, 10, and 11) and is discussed in
more detail in a later section of this paper. The changes
of dimensions under constant load or after removal of
load, however, generally are not due entirely to thermal
creep. They frequently consist almost entirely of a
slower change of dimension, which may be discernible
for hours, days, or even weeks. Both this slow creep
and thermal creep proceed at rapidly decreasing rate.
As the long-continued deformation after release of load
is a type of inelastic action, such deformation is not
appropriately termed ‘“‘elastic’’ after effect.

There is evident need for clarification of the nomen-
clature for the elastic and the inelastic properties of
metals. A general term: is needed to designate any
type of deformation occurring without increase of load.
The word “creep,”’ frequently used with this meaning,
will be so used in this report. A fairly sharp distinction
can be made between thermal creep and other types
of creep. If there is a real difference in kind between
the so-called drift and other types of slow deforma-
tion under constant load, however, the authors are not
able to-make such distinction in discussion of the data
of this report.

The stress-strain line tends to be more curved for the
18:8 alloy steel than for carbon steels and ordinary
alloy steels. The absence of a technicelly determinable
proportional limit for this alloy, and for some other
stainless steels, led to the specification of ‘‘proof
stresses’ as indices of elastic strength. A proof stress,
as thus specified, must be endured without causing
more than a designated amount of permanent defor-
mation (permanent set) after release of the load. Such
o test does not give a value for the elastic strength of a
specimen but is merely intended to insure that the
elastic strength is not below a certain limit. In the
investigation of the elastic strength of metals, how-
ever, good use can be made of proof stresses determined
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from stress-set curves; i. e., curves representing the
influence of stress on permanent set (deformation re-
maining after release of load).

The investigation herewith reported has considered
both the stress-set and the stress-strain relations.
These two relations present complementary views of
the elastic properties of a metal. The interrelation-
ship between a stress-strain curve, hysteresis, creep,
and permanent set, is discussed in part II. The method
of obtaining correlated stress-set and stress-strain
curves is illustrated and discussed in part III. 'The
variations of the stress-set relationship and of the
derived proof stresses with prior plastic extension, with
the duration of the rest interval, and with the “exten-
sion spacing,” are discussed in part IV. The variations
of the stress-strain relationship with prior plastic exten-
sion, with duration of the rest interval, and with the
extension spacing, as well as the variation of the
modulus of elasticity with stress, are discussed in part
V. Although this report is confined to results obtained
with 18:8 chromium-nickel steel, results salready
obtained with other metals (to be discussed in a supple-
mentary report) indicate that the conclusions are not
limited (in qualitative application) to 18:8 alloy.

I. MATERIALS, APPARATUS, AND METHODS

MATERIALS AND SPECIMENS

The 18:8 corrosion-resistant alloy steels used in this
investigation were of several compositions and had
received various degrees of cold work. One of these
steels, in two different degrees of hardness, is the same
that was used in & previous investigation (results un-
published) for the Bureau of Aeronautics, Navy Depart-
ment. The other steels were generously supplied by
the Allegheny Ludlum Steel Corporation. They were
some of the same materials that had been used by Dr.
V. N. Krivobok of that company in investigating the
effects of composition and cold work on some of the
mechanical properties (reference 12). These steels
were of four compositions, differing slightly in the pro-
portions of chromium and nickel and in carbon content.
They were supplied in three different degrees of hard-
ness. Table I gives the compositions of all the mate-
rials and the mechanical properties of the materials as
received.

In the serial designation given to each specimen, the
first numeral represents the composition of the steel,
and the numeral following the letter is the specimen
number. The letter represents the degree of hardness;
A represents annealed material, B represents half-hard
material, and C represents hard material.

Only tension-test specimens were used in this investi-
gation. The diameters of these specimens over their
gage length and the corresponding bar diameters are
given in table II. In order to obtain maximum accu-
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racy in the determination of stresses, for the loading
device used, the gage diameters were made as large as
possible. In other respects, the specimens were accord-
ing to the standard of the American Society for Testing
Materials, for threaded specimens with 2-inch gage
length. The ratio of gage length to diameter was not
important in this investigation, because the investigation
of elastic properties never required extension beyond the
point of beginning local contraction.

APPARATUS

A pendulum hydraulic testing machine of 50,000-
pound capacity was used. (The accuracy of this ma-
chine is discussed later.) The specimens were held in
grips with spherical seats. The extensometer used in
some of the preliminary stress-strain measurements was
8 Ewing extensometer with 2:1 lever ratio. In later
experiments, a Ewing extensometer with ratio 5:1 was
used. The smallest scale division on this instrument
corresponded to & change of length of 0.00008 inch, and
readings could be estimated to about 4-0.000008 inch;
this sensitivity corresponds to & strain sensitivity of
+4 10~ percent for the 2-inch gage length used. The
Ewing extensometer measures the average of the ex-
tensions on two opposite sides of the specimen. In some
of the later experiments, a pair of Tuckerman optical
strain gages were used; these gages were attached to the
opposite sides of the specimens. The smallest scale
division on this extensometer corresponds to & change in
length of 0.00004 inch. By means of a vernier on this
instrument, it is possible to estimate changes of length
to within about 0.000002 inch; this sensitivity corre-
sponds to a strain sensitivity of 1.0X10~* percent for
the 2-inch gage length used.

METHOD OF INVESTIGATION

The experiments consisted in determining the total
strains at various stresses and the corresponding perma-
nent extensions after release of load. The results thus
obtained were used in plotting correlated stress-strain
and sfress-set curves. From the stress-set curves,
proof stresses were obtained corresponding to perma-
nent sets of 0.001, 0.003, 0.01, 0.03, and 0.10 percent.
From the stress-strain curves, values were obtained for
the modulus of elasticity.

As one object of the investigation was to determine
the variation of elastic properties with plastic deforma-
tion, the previously mentioned correlated informsation
was obtained with specimens that had received various
degrees of cold work. Considerable information about
the influence of prior plastic deformation could be
obtained by comparing the results obtained with the
annealed, the half-hard, and the hard steels. In order
to investigate the effects of numerous smaller variations
in prior plastic deformation, however, tests were not
confined to specimens of the various steels as received.
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By tension, specimens were extended by numerous short
stages, and stress-strain and stress-set curves were
obtained after each of these stages. With the same
specimen, it was thus possible to obtain a sequence of
curves representing the variation of elastic properties
with plastic deformation.

ACCURACY OF DETERMINATION OF STRESS-SET CURVES

Permanent set was not measured at zero load, but at a
load of 200 pounds. In order fo determine the error
in setting at this load, a series of extensometer readings
were taken (with the same specimen) involving re-
peated increase of the load to a maximum (the selected
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FiGURE 1.—Tensfle stress-strain curves far four different metals.

value of this maximum being low enough to avoid
permanent set) and reduction again to the minimum.
The maximum difference between two successive read-
ings at the minimum was equivalent to & load change of
6 pounds. This value corresponds to a strass error of
30 to 120 pounds per square inch, depending on the
gage diameter of the specimen used. This stress error
corresponds to a strain error of 0.0001 to 0.0004 percent,
assuming a modulus of 30 million pounds per square
inch. The effect of this error would be most important
in determination of the lower part of a stress-set curve.
As proof stresses in this report are based on permanent
sets of 0.001, 0.003, 0.01, 0.08, and 0.10 percent, the cor-
responding maximum errors in these proof stresses would
be 10 to 40 percent, 3 to 12 percent, 1 to 4 percent, 0.3
to 1.2 percent, and 0.1 to 0.4 percent, respectively.
When a stress-set. curve was plotted, however, a num-
ber of determinations of permanent set were made and
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the curve was faired through all these points. The
probable error involved in determining proof stresses,
therefore, would be somewhat less than those for single
measurements. The percentage error in determining
values for the lowest proof stress, 0.001 percent, evi-
dently is rather large. The error, nevertheless, is
insufficient to invalidate the results; as shown in a num-
ber of figures to be discussed later, variations of the
0.001-percent proof stress (with the various factors) are
qualitatively similar to variations of the proof stresses
corresponding to the higher values of permanent set.

II. STRESS-STRAIN RELATIONSHIP, HYSTERESIS,
AND CREEP

TYPICAL STRESS-STRAIN CURVES

Typical stress-strain curves, for annealed and for
cold-drawn. 18:8 steel, and for two alloys strengthened
by heat treatment, are shown in figure 1. With the
strain scale used in this figure, stress-strain lines B
and C (representing the heat-treated alloys) appear
straight, up to the indicated proportional limits. No
proportional limit, however, can be found for either
the cold-worked or the annealed 18:8 alloys. Even
with this strain scele, it appears probable that the
stress-strain lines for the 18:8 alloys are curved from
the origin. With a more sensitive sfrain scale, the
curvature would become prominent. For the heat-
treated alloys, a more sensitive scale would ceuse the
apparent proportional limits to be lower and less
definite. Extremely sensitive strain measurements,
such as those used by Sayre (references 1 and 2), prob-
ably would cause all the resultant stress-strain lines to
be curved from the origin; all qualitative distinction
between the curves for these four alloys would thus
disappear.

GENERAL DESCRIPTION OF EXPERIMENTS ON HYSTERESIS
AND CREEP

The stress-strain measurements indicated in figure 1
were made with gradually increasing load. If from
some point on any of these curves the load had been
gradually reduced to zero, the stress-strain relation-
ship during this decrease would have followed a differ-
ent curve. Even when the maximum stress is well
below the technical elastic limit, the ascending and
the descending curves generally do not coincide. The
cycle of stress thus causes a hysteresis loop, which may
or may not be closed at the bottom. The width of
the loop and the degree of separation of the ascending
and the descending curves at the bottom depend on
the stress range, on the rate of loading, and on the
number of previous cycles.

The interrelationship between stress, strain, and
permanent set cannot be satisfactorily discussed with-
out considering the influence of hysteresis and creep.
In this report, some consideration will therefore be
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given to hysteresis, its variation with cyclic repetition,
and its relationship to positive and negative creep.
Several series of hysteresis loops are shown in figures
2 and 3. In each of these series, the nominal stress
range was between two constant tensile values; the
lower value was only sufficient to facilitate reprodueci-
bility of strain measurement. YWith the stress range
used for each specimen, considerable permanent set
was obtained with the first cycles. The stresses were
calculated by dividing the load by the cross-sectional
area at the beginning of each cycle; this area was cal-
culated from the original area by taking account of the
prior plastic extension. The stresses so defined are
termed ‘‘true stresses,” to distinguish them from the
nominal stresses based on the original cross-sectional
area of the specimen.

In figure 2, the two rows of loops represent results of
experiments with two specimens of one of the annealed
18:8 alloys. In order to avoid confusion, the origin of
each loop has been shifted forward, by a constant
abscissa interval, from the origin of the preceding loop.
In each series, the experiments started with the material
in its original condition. The number of each cycle in
the series is given at the top. The cycle time, in
minutes, is given at the top of each loop of the upper
row and inside each loop of the lower row. The total
plastic extension prior to each cycle is also given inside
each loop. The time interval between cycles is in-
dicated by the symbol at the beginning of each cycle.
Each cycle, with one exception, was started immedi-
ately after the preceding cycle; one of the cycles was
started a day after the preceding ecyele. The abscissa
scales for both rows are the same and are indicated at
the bottom of the figure.

Because of the greater stress range in the cycles of
the upper row, the plastic extension in the first few
cycles was much greater in this row than in the lower
row. Nevertheless, the permanent set per cycle
evidently decreased more rapidly in the upper row than
in the lower row. This difference in behavior doubtless
is due to the much greater work-hardening obtained in
the first few cycles of the upper row. Because of
accidental overstressing, only 29 cycles could be ob-
tained with the stress range represented by the lower
row. A new specimen of the same material, therefore,
was given 30 rapid cycles of the same stress range
without observation of the strains, and the experiment
was continued as represented in figure 3. The upper
row of cycles in figure 2 will be discussed first. The
lower row of figure 2 will then be discussed in connection
with figure 3.

HYSTERESIS EXPERIMENTS WITH SPECIMEN 1A-§, FIGURE 2

The first four cycles in the upper row of figure 2 are
represented by ordinary stress-strain curves. The first
cycle, because of the relatively high stress applied to
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this annealed material, caused an extension of 15
percent. The solid line represents the variation (with
strain) of the nominal stress, that is, stress based on the
original sectional area; the broken line represents the
variation of the stress based on the actual cross section
corresponding to the strain. REach of the other loops
of the upper row is a plot of the true stress as previously
defined.

Comparison of loops 1 to 4, with allowance for the
fact that the abscissa scale is much more sensitive for
loops 2, 3, and 4 than for loop 1, showed that each of
these loops (both at the middle and at the bottom open-
ing) is considerably narrower than the preceding loop.
With continued cyclic repetition, however, the differ-
ence in form between any two adjacent loops gradually
becomes smaller. In order to study these further
variations, therefore, it is necessary to use a still more
sensitive abscissa scale. This necessity suggests repre-
sentation by stress-deviation curves. For loops 5 to
161, consequently, abscissas represent deviations, dif-
ferences in strain from that corresponding to an as-
sumed initial modulus line. The nearer this assumed
modulus line is to tangency with the stress-strain curve
at the origin, the more sensitive can the abscissa scale
be made. With the assumption of an initial modulus of
31X 10 ¢ pounds per square inch, it has been possible
to make the abscissa scale in figure 2 much more sensi-
tive for loops 5 to 161 than for loops 2, 8, and 4.

During studies of the variations of the hysteresis
loop with cyclic repetition, consideration may be given
to the width of the loop at the middle, the width of the
opening at the bottom, the deviation range of the loop,
and the negative cresp at the bottom. These deforma-
tion values, for the series of cycles represented by the
upper row of figure 2, are listed in table ITI. This table
contains information not only about the eycles repre-
sented in figure 2 but also about the other cycles not
shown in the figure. For some of the cycles that are not
represented in figure 2, stress-strain measurements were
made; for other cycles, such as cycles 141 to 145, in-
clusive, no stress-strain measurements were made but
the sfress range was the same as for the measured
cycles. The time for an unmeasured cycle, as shown in
table ITT, was much less than for a measured cycle. The
net plastic extension per cycle, consequently, was much
less for the unmeasured than for the measured cycles.

With cyclic repetition, as shown in figure 2 and table
II1, the width of the loop at the middle and the width
of the opening at the bottom, tend to decrease. The
deviation range of the loop (abscissa range in fig. 2)
also fends to decrease. This general trend of each of
these values, however, is sometimes interrupted or
masked by the effect of any marked variation of the
cycle time or of the time interval between cyeles.
Each cycle represented in the upper row of figure 2
generally started immediately after the end of the pre-
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ceding cycle. (The negative creep at the end of &
cycle was viewed as part of that cycle.) After the 11
short cycles 141 to 154, however, there was a rest inter-
val of 1 day. Loop 155, which immediately followed this
rest interval, is much wider than loop 140. This widen-
ing effect, however, is only temporary; during several
subsequent loops, the width rapidly decreases and the
general trend is resumed.

The net permanent extension per cycle (width of the
opening at the bottom of the loop) is the difference
between the total positive and the total negative creep
during the cycle. Most of the positive creep occurs at
and near the top of the loop, and most of the negative
creep occurs at and near the bottom. The bulging of
the hrysteresis loop in the first part of the descent from
the top often gives qualitative evidence of positive
creep. The amount of creep thus revealed, however,
is somewhat less than the actual positive creep, because
the descending stress-deviation line would curve rapidly
to the left, if there were no positive creep. In the
absence of direct measurement made during the cycle,
the total positive or the total negative creep cannot be
estimated for any of the cycles. Values for positive
creep based on the bulging of the loop below the top,
however, are listed in column 13 of table III. These
values evidently have only qualitative significance.!

Positive creep during the first part of the descent
from the top may have its counterpart in negative
creep during the first part of the ascent from the bottom
of the loop. In other words, if time is not given for
negative creep at the bottom of a loop, the next loop
may show evidence of negative creep during the first
part of the ascent. This negative creep reduces the
positive strain and thus incresses the steepness of the
first part of the ascent. Sometimes this negative creep
is sufficient to cause actual deviation to the left in this
part of the loop. In an investigation of stress-strain or
stress-set relationship, therefore, care is necessary to
eliminate or minimize the disturbing effect of negative
creep, neer the end of a cycle, on the form of the follow-
ing stress-strain or stress-set curve. In the cyclesrepre-
sented in figure 2, and in most of the experiments repre-
sented in the following figures, the disturbing influence
of negative creep was minimized by allowing a rest
interval (indicated at the bottom of each cycle in fig. 2)
before beginning the next cycle. Time was thus given
for completion of important thermal creep and the
most rapid part of the inelastic creep. As will be shown
later, however, much longer time is necessary to elimi-
nate entirely the influence of inelastic negative creep.

! The amount of positive creep during descent from the top depends on the time
avallable for creep at and near the top of the ascent. It also depends on the rate of
descent from the top. In the experiments represented in figs. 2 and 8, time was not
given for campletion of the falrly repld creep at the top of the loop; after each reading,
the aycle was immediately resumed. If even a few minutes had been allowed for
creep at the top, the most rapid portion of the positive creep wounld have been com-
pleted. Forward creep during descent, therefore, would have been much less and
probably would have had no discernible effect on the form of the loop.
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In the series of cycles represented in the upper row of
figure 2, and in the other measured cycles represented
in table III, negative creep was determined 1 and 3
minutes after the end of the descent to the bottom of
the loop. The positions after negative creep for 3
minutes are indicated in figure 2, and the amounts of
creep during 1 and 3 minutes are listed ip columns 11
and 12 of table III. That the rate of negative creep
decreases rapidly with time is indicated by the fact
that the creep during the first minute generally was
greater than the additional creep during the next 2
minutes. In spite of the rapid decrease in rate, how-
ever, negative creep may sometimes be discernible for
hours, days, or even weeks (reference 10).

HYSTERESIS EXPERIMENTS WITH SPECIMEN 1A-$, FIGURE 2

In the lower row of figure 2 the loops represent a
series of 29 cycles obtained with another specimen of
the same material but with a much smaller range of
stress. Information about these cycles, and about the
other cycles of the series, is given in table IV. The
first four loops in the lower row represent variation of
stress with strain; the other loops represent the varia-
tion of stress with deviation from an assumed initial
modulus line. For some of the cycles not represented
in figure 2, stress-strain measurements were made; for
the others, stress-strain measurements were not made,
but the stress range was the same as for the measure]
cycles. The unmeasured cycles were in two groups:
cycles 14 to 19, inclusive, and cycles 22 to 27, inclusive.
The time of an unmeasured cycle was much shorter
then that of a measured cycle, and no time was allowed
for negative creep between unmeasured cycles.

With cyclic repetition, the deviation range, the loop
width, and the width of the opening at the bottom (net
positive creep) tend to decrease. As in the upper row
of loops, the decrease in these deformation values is
greatest during the first cycles; with cyclic repetition,
the rate of decrease tends to become gradually less,
although this general trend is sometimes interrupted
owing to changes in cycle time. In the lower row the
loops are more irregular than in the upper row. Posi-
tive creep during descent from the top of the loop also
is more prominent in the lower than in the upper row.
This difference may be due to the fact that the stress
range during the first cycle represented in the upper row
was sufficient to carry the metal through the stage of
most rapid work-hardening with deformation.

HYSTERESIS EXPERIMENTS WITH SPECIMEN 1A-4, FIGURE 3

Because of accidental overstress of specimen 1A-3,
the series represented by the lower row of figure 2 and
in table IV consisted of only 29 cycles. In order to
study the effect of & larger number of cycles, with the
same material and with the same stress range, another
series was started with & new specimen, designated
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1A—4. This series, consisting of 388 cycles, is repre-
sented by the hysteresis loops in figure 3; the corre-
sponding numerical values are listed in table V. The
first 30 cycles (not represented in fig. 3) were unmeas-
ured cycles, intended merely to carry the specimen
quickly through the stages that had already been
studied by means of specimen 1A-3 (lower row of fig. 2).
The total extension caused by the 30 initial rapid cycles
applied to specimen 1A—4 unfortunately was not meas-
ured. This extension, however, doubtless was less than
the extension caused by the 29 cycles, with much longer
cycle time, applied to specimen 1A-3. Comparison of
widths of loops in the two series indicates that the
extension caused by the 80 rapid cycles applied to
specimen 1A—4 was about 3.5 percent. Assuming a
value of 3.5 percent, corresponding values for total
permanent set at the end of the other cycles of the series
have been estimated, and are listed in column 10 of
table V.

For convenient arrangement of the symbols and leg-
end in figure 3, it is assumed that the end of the meas-
ured negative creep is the end of the eycle. An
interval of unmeasured creep is treated as an interval
between cycles. The time allowed for negative creep
at the end of a cycle, as indicated by the symbols and
legend of figure 3, generally was either 2 or 3 minutes.
When the total time for negative creep was 2 minutes,
the amount of creep was measured at the end of the 2
minutes, and this time was assumed to be the end of the
cycle; the next cycle was started immediately. TWhen
the fotal time for negative creep was 3 minutes, the
amount of creep was measured at the end of 1 minute
but not at the end of the 3 minutes. Although the next
cycle was started at the end of the 3 minutes, the time
interval between such cycles was assumed to be 2
minutes. Between cycles 80 and 81, the interval was
45 hours; between cycles 115 and 116, the interval was
3 days. In this series, as shown in table V, there were
four groups of consecutive rapid cycles: cycles 48 to 78,
inclusive; cycles 84 to 113, inclusive; cycles 119 to 273,
inclusive; and cycles 276 to 375, inclusive.

Loop 31 of figure 3 is about as wide as loop 4 of the
lower row of figure 2. The narrowing effect of the first
four measured cycles applied to specimen 1A-3, there-
fore, was about equal to the effect of the first 30 rapid
cycles applied to specimen 1A—4. That the relatively
great width of loop 31 represents an unstable condition
induced by the previous 30 rapid cycles is indicated by
the greatly decreased width of loop 32. The effect on
cycle 31 was as if some of the unpermitted creep of the
first 30 cycles were transferred to cycle 31.

With cyclic repetition, the maximum w.dth of the
loop and the width of the opening at the bottom (net
positive creep) gradually decrease. The positive creep
during descent from the top of the loop, as indicated
by the form of this part of the loop, also gradually
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decreases. The decrease in these deformation values
is rapid during the first few measured cycles but be-
comes slower with cyclic repetition. The general
trend, however, is sometimes interrupted, owing to
changes in cycle time or in the interval between cycles.
The 31 rapid cycles following loop 47, for example,
were followed by the slightly widened loop 79. This
increased width, however, was only temporary; loop
80 is only about as wide as loop 47 and loop 81 is con-
giderably narrower. That this difference in width
between loops 80 and 81 probably is not due to the 2-day
interval is indicated by the fact that rest between cycles
generally causes the loop width to increase. The 3-day
interval between cycles 115 and 116 caused loop 116
to be wider than loop 115. That loop 116 represents
an unstable condition induced by the long prior rest
interval is indicated by the fact that loops 117 and 118
are much narrower than loop 116 and are even narrower
than loop 115. The 30 rapid cycles following loop 83
and without subsequent rest interval, and the 155
rapid cycles between loops 118 and 274, caused liftle
change in the loop width.

After the 10 rapid cycles between loops 377 and 388,
loop 388 is much wider (both at the middle and at the
bottom opening) than loop 877. This increased width
of loop 388, however, is due not to the preceding rapid
cycles but to the great difference in cycle time. The
greater time of cycle 388 gave opportunity for a much
greater amount of positive creep. If additional cycles
had been applied with the shorter cycle time generally
used in this series, even the first of such cycles possibly
would have given & loop no wider than loop 377; with
further cyclic repetition, the loop width probably would
have slowly decreased.

VARIATION OF CREEP WITH CYCLIC REPETITION

The negative creep at the bottom of the lcop, as
shown in tables I1I, IV, and V, decreased rapidly dur-
ing the first few cycles, and changed little during further
cyclic repetition. If negative creep at the end of each
cycle had been measured for a much longer period, how-
ever, the results probably would show that ecyclic
repetition caused the negative creep to decrease at a
generally decreasing rate (reference 13). Both net
positive creep and negative creep, with repetition of
cycles of constant stress range, probably approach zero.
The width of the loop at the middle, however, probably
does not approach zero but approaches a limiting value.
With a completely closed loop, the form and the size
probably would be independent of cycle time. The
hysteresis represented by such & loop is sometimes
termed “elastic hysteresis.” A better name in frequent
use is “statical hysteresis.”

That the 388 cycles (applied to specimen 1A-4) have
not caused the hysteresis to be entirely statical is
demonstrated by the previously mentioned difference
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between loops 377 and 388 of figure 3, and by the fact
that these loops, unlike a loop representing statical
hysteresis, are far from complete closure. Thousands,
possibly millions, of cycles probably would have to be
applied to this specimen to cause complete closure of
the loop and to make the hysteresis entirely statical
(reference 13). With much shorter cycle time- thigh
cycle frequency), the number of cycles necessary to
reach a condition of statical hysteresis would be still

greater.
THERMAL CREEP

Negative creep frequently is called “elastic after
effect.” The probable reason for this name is that
negative creep represents approach to the initial form
and dimensions. One kind of negative creep, however,
probably is due to plastic deformation of some parts of
the microstructure, caused by internal stresses in the
elastic portions of the microstructure., As a general
name for the phenomenon, “elastic after effect’” is
therefore less anitable than “negative creep.”

One kind of negative creep undoubtedly represents
a truly elastic change of form due to the thermal influ-
ence of change of stress. Kelvin (reference 8) showed
that elastic extensjon of a metal tends to cause slight
lowering of temperature and that elastic compression
(or removal of elastic tension) tends to cause slight ele-
vation of temperature, provided that the temperature
caeflicient of expansion of the metal is positive. The
opposite temperature changes occur if the coefficient of
expansion is negative. After abrupt change of tensile
or compressive stress, therefore, metal tends to absorb
heat from its surroundings or to give up heat to its
surroundings and thus tends to change in length until
the difference in temperature between the metal and
its surroundings disappears. This type of creep has
been investigated by Sayre (references 9, 10, and 11)
and by others and has been called “thermal creep.”

As shown by Sayre, consideration should be given to
the probable amount and durstion of thermal creep
after any abrupt change of stress. The total amount of
thermal creep, which can be determined approximately
by means of equations based on the mathematical
investigation by Kelvin, depends on the tempersture
coefficients of expansion and of the modulus of elasticity
as well as on the change of stress (reference 10). Con-
sideration of these equations has led to the conclusion
that, in the specimens of 18:8 alloy used in this investi-
gation, the total thermal creep was 0.003 times the
preceding abrupt elastic change of length. A value of
about 0.0025 was obtained by Sayre for ordinary steel.
For 18:8 alloy, however, the ratio would be somewhat
greater, because the temperature coefficients of ex-
pansion and of the modulus of elasticity are greater for
this alloy than for ordinary steel. Assuming that the
ratio is 0.003 for 18:8 alloy, the total thermal creep
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probably amounts to about 0.00001 percent per 1,000
pounds per square inch prior adiabatic change of
stress. -

The rate and the duration of thermal creep, because
they depend on the rate of change of temperature of
the metal, depend on the thermal conductivity of the
metal, and on other factors affecting the rate of transfer
of heat to and from the surroundings. With a rela-
tively long wire, the rate of equalization of temperature
depends almost entirely on the rate of radiation and
convection and very little on the conduction of heat
along the wire. Under such conditions, the duration
of thermal creep, as stated by Sayre (reference 10}, is
nearly proportional to-the diameter of the wire. With
the relatively short, thick specimen used in the in-
vestigation, most-of the heat transfer would be by con-
duction through the ends. Very little quantitative
information is available about the duration of thermal
creep under these conditions. Results mentioned by
Farren and Taylor (reference 14) are somewhat con-
tradictory. The impression gained from their paper,
however, is that the thermal change (with the form of
specimzen used in this investigation) would generally be
completed within about a minute. In order to mini-
mize the effects of thermal creep, therefore, most of the
readings of permanent set, described in the following
sections, were made after a rest interval of at least 1
minute. The time needed for the rest interval obviously
depends on the amount of the prior change of stress.

In & specimen under bending stress, change of stress
causes opposite changes in temperature on opposite
sides of the specimen. The resultant steep transverse
temperature gradient thus causes the equalization to
be much faster, and consequently causes the duration
of thermal creep to be much shorter for bending than
for tension or compression. For torsion, the amount
of thermal creep is generally negligible because torsion
causes practically no change in volume.

The stress range for the previously described loops
of figures 2 and 3 was not great enough to cause im-
portant thermal creep. Even if the stress had been
lowered rapidly from the maximum value of the cycle,
the total negative thermal creep would have been less
than 0.001 percent. The time required for the descent
from the top to the bottom of each loop, moreover,
was ‘sufficient to allow completion of most of the
thermal creep during the descent. The negative creep
observed at the bottom of each loop was therefore
almost entirely inelastic creep.

III. STRESS-SET CURVES, STRESS-DEVIATION CURVES,
AND PROOF STRESSES

Stress-strain (or stress-deviation) curves alone give
incomplete information about the elastic properties of
18:8 alloy.” This information needs to be supplemented
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by study of the relationship between stress and resuit-
ant slight plastic deformation (permanent set). The
method of obtaining correlated stress-set and stress-
deviation curves is illustrated by the diagram at the
right of the lower row of figure 3.

This diagram consists essentially of a series of hystere-
sis loops of gradusally increasing range. Each experi-
mental point in this diagram, with one exception, was
obtained with merely enough delay to permit observa-
tion of the stress and the strain. The rate of variation
of the load, however, was so slow that the influence of
thermal creep probably was negligible. With the one
exception mentioned, no time was allowed for negative
creep at the bottom of & loop; the next loop was started
immediately. (In most of the experiments to be de-
scribed later, there was a time interval between any
two loops.) The one exception in this series of loops
is at the end of loop 4. After the immediate reading,
represented by point E, there was a delay of 70 minutes
before the beginning of loop 5. (Loop 5 has been shift-
ed to the right as indicated by the scale at the bottom
of the figure.) The rather large amount of negative
creep during the 70-minute interval has shifted the
beginning of loop & from E to F. As thermal creep was
negligible, the negative creep from E to F was almost
entirely inelestic.

The total permanent set after each loop is indicated
by the abscissa of the corresponding point at the bottom
of the loop. If the stress at the top of each loop is
plotted against the total permanent set at the bottom
of the loop, & curve is obtained representing the varia-
tion of permanent set with stress. Curves thus ob-
tained are shown in the lower rows of figures 6, 8, 12,
and 16 and in both rows of figure 20. They will be
presented and discussed in part IV. In the obtfaining
of & stress-set curve, time was generally allowed for the
most rapid part of the negative creep at the bottom of
the loop. The amount of this creep generally increases
with the previously applied stress.

The curve drawn through the tops of the series of
gradually increasing loops in figure 3, is a stress-devi-
ation curve. Such a curve, although it is obtained by a
series of cycles, differs little in form and position from a
stress-deviation curve obtained with continuous in-
crease of load. From a series of gradually increasing
loops, therefore, it is possible to obtain both a stress-
set and a stress-deviation curve. Stress-deviation
curves so obtained are shown in the upper rows of
figures 6, 8, 12, and 16, discussed in part V.

Various proof stresses may be derived from & stress-
set curve. By “proof stress” is meant the stress cor-
responding to an indicated value of permanent set.
The values of permanent set utilized in establishing
proof stresses in this report are 0.001, 0.003, 0.01, 0.03,
and 0.10 percent. For any of these values of per-
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manent set, the proof stress may be determined from a
stress-set curve by estimating the ordinate at the cor-
responding abscissa. The steeper the slope of the
stress-set.curve, the higher are the corresponding proof
stresses. '

Iv. THE INFLUENCE OF PRIOR PLASTIC DEFORMATION
AND OF DURATION OF THE REST INTERVAL ON THE
STRESS-SET CURYVE AND ON THE DERIVED PROOF
STRESSES

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-SET
CURVE AND ON THE DERIVED PROOF STRESSES, SPECIMEN 1B-1
In order to investigate the effect of prior plastic
deformation on the stress-set curve and on the derived
proof stresses, tension-test specimens of the various
materials have been extended by numerous small
stages to the point of beginning local contraction or
even somewhat further. After each of these small
stages a stress-set and generally a stress-deviation
curve have been obfained. With a single specimen,
therefore, it has frequently been possible to obtain a
series of stress-set and stress-deviation curves. With
the specimens of the less ductile materials, however,
fewer of these curves could be obtained, and results
from several specimens have sometimes been assembled
in a single figure.

Attention will first be given to the stress-set curves
in the lower row of figure 6 and to the derived diagram
of figure 7. 'The results shown in these two figures were
obtained with the same specimen of half-hard metal,
1B-1. This specimen was stretched in numerous short
stages, Hach of these stages consisted of a group of
cycles of increasing range, similar to the previously
described group shown at the right of figure 3. From
each of these groups, a stress-set curve and a stress-
deviation curve were obtained. Most of the stress-set
curves are shown in the lower row of figure 6, and the
corresponding stress-deviation curves are shown in the
upper row.

In each of the cycles of a group, readings were taken
without & rest interval. (In later experiments, with
other specimens, readings in each cycle were taken after
& rest interval, generally 1 minute.) The rate of in-
crease or decrease of stress, however, was never faster
than about 75,000 pounds per square inch per minute.
For the smaller eycles of each group, the rate was only
about 30,000 pounds per square inch per minute. In
the last (largest) cycle of a group, in which the range
of stress generally was considerably greater than any of
the values indicated in the stress-set curves of figure 6,
the plastic extension was relatively large. In this cycle,
therefore, the reduction of stress from the maximum to
the minimum was made very slowly; the time required
for this reduction was 6 to 7 minutes. Between the last
reading for each group of cycles and the first reading
for the next group, there was a rest interval.
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No time was given for negative creep before the read-
ings, except before the initial reading for each group of
cycles. Negative creep, however, would chiefly affect
the positions of experimental points representing the
effects of the higher stresses. The effect of allowance
for negative creep on the form of the stress-set curve
and on the proof stresses would probably be relatively
small. Because of the slow rates of loading and unload-
ing, moreover, the reproducibility of results probably
was sufficiently good to permit a study of the influence
of prior plastic extension and of the rest-interval.

The rest interval between determinations of succes-
sive stress-set curves (or stress-deviation curves) varied
from a few minutes to several days. The duration of
the rest intervals is indicated, in figures 6 and 7 and in
other diagrams, by various symbols, whose meaning is
explained in the key of figure 7. In the experiments
represented in figures 6 and 7, the rest interval generally
was 2 to 6 minutes; a few of the intervals were much
longer.
points of figure 7 consisted entirely of groups of cycles
like the group at the right of figure 3, with no extensions
between these groups.

Comparison between the experimental points in
figure 7 and the corresponding stress-set curves in
figure 6 was facilitated by numbering consecutively the
points in figure 7, and these numbers have been used to
identify the correspondmg curves of figure 6.

The initial stress-set curve, curve 1 of figure 6, shows
permanent set at very low atress.
stress, moreover, the permanent set increases very
rapidly. The corresponding proof stresses, as indi-
cated (for 0.001, 0.003, and 0.01 percent permanent
set) by the short projecting lines at the left of figure 7,
are low. The proof stresses for 0.10 percent per-
manent set. cannot be obtained from any of the curves
shown in this report but have been obtained from
curves drawn with a less sensitive scale of abscissas.
Curve 2 of figure 6 is much steeper than curve 1; the
nearly vertical portion, moreover, is much greater in
curve 2 than in curve 1. The slight plastic extension
required to obtain curve 1 evidently has caused con-
siderable improvement in elastic strength.

During several succeeding cycles, the improvement
in elastic strength generally continues, as illustrated
by curves 3, 4, and 5 of figure 6, and by the correspond-
ing points in figure 7. With still more prior plastic
extension, there is practically no further general im-
provement in the nominal proof stresses corresponding
to permanent sets of 0.001 and 0.003 percent, and only
slight improvement in the proof stress for 0.01 perma-
nent set. The proof stresses corresponding to per-
manent sets of 0.03 percent and 0.10 percent, however,
show continuous genera! improvement with increase
in prior extension.

In the discussion of proof stress-deformation curves
such as those of figure 7, chief attention will be given

The extensions indicated by the experimental

With increase of
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to the curves representing the 0.001 percent and 0.003
percent proof stresses. In the consideration of elastic
strength, more attention probably should be paid to
these indices than to the 0.01, 0.03, and 0.10 percent
proof stresses. ‘The 0.01 percent proof stresses proba-
bly should be viewed as indices of resistance to yield
rather than ss indices of elastic strength.

The most conspicuous characteristic of the proof
stregs-deformation diagram (fig. 7) is the wide scatter
of experimental points. This wide scatter cannot be
attributed to experimental error hut is due to the
influence of several variables inseparably associated
with investigation of the variation of proof stresses
with plastic extension. In order to study the influence
of plastic extension and of the associated variables on
proof stresses, consecutive experimental points have
been connected by straight lines, The graphs thus
obtained, as will appear in the following discussion of
this and other figures, should be viewed not as con-
tinuous ‘“‘curves’ of variation of proof stress with de-
formation but as a sequence of experimental points con-
nected by straight lines. In ths graphs so drawn in
figure 7, there is tendency to zigzag oscillation be-
tween high and low values. A wide swing sometimerg
comprises several experimental points; for example,
the swings between 20 and 23 and between 33 and 42.
A few wide swings, however, are between adjacenf
points. An exceptionally high point tends to be fol-
lowed immediately or shortly by an exceptionally low
point, and vice versa. Examples of wide swing be-
tween adjacent points are 77-78, 102-103, 113-114

These wide oscillations are superposed on a less
abrupt wavelike oscillaition of mean values. Tlis
wavelike oscillation is represented approximately by
the broken curve for 0.001 percenf proof stress in
figure 7. Similar curves could be drawn for the 0.003
percent and the 0.01 percent proof stresses. Maxima
and minima for all these curves would be at about the
same abcissas. For the 0.001 percent proof stress, the
highest wave crest is at prior plastic extension of about
0.4 percent. For the 0.003 percent proof stress, the
wave crests are at about the same beight at prior
plastic extensions of 0.2 and 6 percent; with further
extension, the heights of the wave crests evidently
change very little. For the 0.01, 0.03, and 0.10 per-
cent proof stress, the wave crests increase in height
with increase in prior extension.

If the curves were drawn with ordinates representing
true stress (stress based on the sectional ares at the be-
ginning of each stress-set determination), the curve for
0.001 percent proof stress would still have its highest
maximum at about 0.4 percent prior extension but the
maxima for the curves for other proof stresses would
increase in height with increase in prior extension.

The oscillations in the proof stress-deformation
curves of figure 7 correspond to variations in the stress-
set curves. In the consideration of possible causes of
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these variations, attention is attracted to the influence

of the rest interval prior to the determination of each

stress-set curve. This interval was 2 to 6 minutes for

&ll the curves except three. For three curves, 98, 103,

and 108, the prior rest interval ranged from about 80

minutes to 21 hours. These three curves ars much

less steep than the curves immediately preceding, and

they correspond to exceptionally low points in figure 7.

This fact suggests that the slope of the stress-set curve

is greatly influenced by the prior rest interval.

In the literature, practically no reference has been
made to the influence of the prior rest interval on the
form of the stress-set curve. References 1, 5, 7, 9, 10,
11, 15, and 16 discuss the influence of rest interval on
the form of the stress-strain curve. These references
all report that overstress lowers (increases the rate of
deviation of) the stress-strain curve. Before the over-
stress, the curve (for many metals) may have a long,
nearly straight portion; after the overstress, the graph
is curved from the origin. Rest after overstress, as
generally reported (references 7, 15, and 16), tends to
elevate the stress-strain curve in such a way as to
restore the original nearly straight portion. With
some metals, restoration of “elasticity’’ is complete
after a rest interval at room temperature; with other
metals, complete restoration requires a slight temporary
elevation of temperature. On a stress-set curve, how-
ever, a rest interval evidently tends to have the opposite
effect. With increase in the duration of rest, according
to the evidence in figures 6 and 7, the stress-set curve
becomes less steep. As some exceptionslly low points
in figure 7 were obtained after very short rest intervals,
however, they must have been influenced by some
factor other than the duration of the rest interval.
This subject was further investigated, therefore, by
additional experiments made with special attention to
the influence of the rest interval.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION AND OF DURATION
OF THE REST INTERVAL ON THE STRESS-SET CURVE AND ON THE
DERIVED PROOF STRESSES, SPECIMEN 1B-3

Another specimen of the same half-hard material was
similarly extended by groups of cycles of application
and removal of load. Results thus obtained are shown
in figures § to 11. For these oxtensions, as for those
represented in figures 6 and 7, there was a rest inferval,
but no extension interval, between successive groups of
eycles.

In the determination of each stress-set curve (fig. 8)
from a group of cycles, such as that shown at the right
of the lower row of figure 8, the time schedule was dif-
ferent from that used in determining the stress-set
curves of figure 6. Kach reading of permanent set,
represented by each experimental point in the lower
row of figure 8, was obtained after a rest interval of 1
minute, after the stress had been reduced to the mini-
mum velue (about 1,500 pounds per square inch). The
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time required for the reduction of stress from the maxi-
mum to the minimum value was about 1 minute for the
smallest (first) cycle of a group, and 1¥ to 2 minutes
for the largest (last) cycle. The rest interval before
reading probably was not enough for completion of
negative creep induced by the large cycles. This
creep, however, probably was small in comparison with
the permanent set. Variations in form of the stress-set
curves, therefore, can be attributed largely to the in-
fluence of prior plastic deformation and to varying
duration of the rest interval.

A rest period intervened also between adjacent
groups of cycles (adjacent stress-set curves). The
duration of this rest interval is indicated approxi-
mately by the symbols in figures 8 and 9, which are
explained by the key in figure 9. Further informa-
tion about the influence of the rest interval was obtained
by interspersing & number of intervals ranging from
% hour to more than 48 hours among the much shorter
intervals, 2 to 6 minutes.

The influence of duration of the rest interval is
clearly shown by comparison of the stress-set curves in
the lower row of figure 8 and by comparison of the
heights of the corresponding experimental points in
figure 9. Every relatively long prior rest interval
resulted in a stress-set curve less steep than the curves
immediately preceding and following. As some of the
stress-set curves of this series are not shown in figure
8, the relative steepness of curves 8 to 27 of that figure
can be deduced only from the relative heights of the
corresponding experimental points in figure 9. As
shown in figure 9, every experimental point repre-
senting a relatively long prior rest interval is lower in
the diagram than the points immediately preceding
and following. Of the exceptionally low points in
figure 9, only one or two represent results obtained
after a short rest interval, 2 to 6 minutes. The most
conspicuous of these is 33, which appears to represent
a recoil from the exceptionally high point 32.

The evidence appears conclusive, therefore, that the
steepness of the tensile stress-set curve for this material
tends to decrease with increase in the duration of the
preceding rest period. In a consideration of the possi-
ble causes of this effect of the rest interval, attention
is naturally directed to the effect of negative creep.
A specimen in which negative creep had been permitted
probably would exhibit more positive creep (permanent
set) on reloading than would a specimen that had not
been given opportunity for negative creep. In this con-
nection, it is worthy of note that the effect of a 56-
minute rest interval (curve 54) on the steepness of the
stress-set curve was nearly as great as the effect of a
longerinterval. This fact appears to be consistent with
the opinions of various investigators (reference 11) that
the relationship between rate of creep and time is
exponential.
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The fact that the initial proof stresses are exception-
ally low may not be attributable entirely to the long
time that has been available for negative creep. To
what extent these low initial values are attributable to
prior negative creep or to other effects of a long rest
period can be decided only after further investigation.

The wide zigzag oscillations so noticeable in figure 7
are again conepicuous in figure 9. Not all of the wide
oscillations in this figure are attributable to differences
in rest interval. The steep descent between 32 and 33,
for cxample, evidently is due to some other cause.
Differences in the rest interval evidently may be so
interspersed as to intensify the oscillations and influ-
ence their spacing. A low point representing a”long
rest interval tends to be followed immediately by an
abrupt rise to an exceptionally high point. This high
point is followed by a descent, which is influenced
considerably in steepness (of the straight connecting
lines as drawn) by the position of the next point
representing a long prior rest interval., This influence
of the relative positions of the low points that represent
long rest intervals is illustrated by the following ex-
amples. Between low points 19 and 24, which ate
relatively far apart, there is & steep rise and less steep
descent. Between low points 31 and 37, which are
still farther apart, there are two oscillations. Between
low points 40 and 43, 43 and 46, 46 and 48, and 48 and
51, which are near together, there is a steep rise and an
equally steep descent. Point 28 apparently is so placed
that it shortens the rebound from point 27. The
extension spacing of the interspersed points represent-
ing long rest intervals, evidently has much influence
on the range of oscillation.

The initial stress-set curve of figure 8, like the initial
curve of figure 6, is much less steep than the next
succeeding curve. The form of curve 1 of figure 8
apparently indicates that permanent set is induced in
this material by any stress, however small. Curve 2
shows that the elestic strength has been greatly im-
proved because of the slight plastic extension in deter-
mining curve 1. Further plastic extension caused gen-
asral further improvement of elastic strength, as shown
by the stress-set curves of figure 8 and by the increase
in height of the corresponding points in figure 9. This
improvement continues at a generally decreasing rate
until point 5 is reached. At this point begins the
first important descent to & minimum, The position
and height of this minimum is affected only slightly
by point 7 representing a relatively long prior rest
interval. The range of oscillation apparently tends to
increase with prior plastic extension, at least to an
extension of 12 to 18 percent. (A similar increase
in range of oscillation with prior extension mey be seen
in fig. 7.)

The zigzag oscillations are superposed on a less abrupt
wavelike curve. The curve for 0.001 percent proof
stress, as in figure 7, reaches its first maximum at prior
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extension of about 0.4 percent and its first minimum at
an extension of about 2 or 3 percent. Even if the ordi-
nates in figure 9 represented true stresses, the curve
for 0.001 percent proof stress would show no contin-
uous tendency to increase in height with increase in
prior plastic extension beyond about 0.4 percent.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION AND OF DURATION
OF THE REST INTERVAL ON THE STRESS-SET CURVE AND ON THE
DERIVED PROOF STRESSES, SPECIMEN 2A-1

In order to obtain further information about the
influence of prior plastic extension and of duration of
the rest interval on the stress-set curve and on the
derived proof stresses, another series of experiments
was made with a specimen of annealed material, 2A-1.
Stress-set curves obtained in these experiments are
shown in the lower row of figure 12, and the derived
proof stresses are shown in figure 13. In these figures,
ordinates represent ‘‘true stress,” stress based on the
sectional area af the beginning of determination of a
stress-set curve.

In the previously described experiments, with speci-
mens 1B~1 and 1B-3, extension was by a continuous
series of stages, each comprising a group of cycles in-
volved in the determination of a stress-set curve. In
the experiments with specimen 2A-1, however, there
were numerous pairs of adjacent short extensions sep-
arated by relatively long single extensions, Each
pair of adjacent short extensions consisted of two
adjacent groups of cycles involved in the determination
of two stress-setcurves. In each pairin figure 13, there-
fore, the experimental points are separated only by
the extension involved in determining the first stress-
set curve of the pair. As the first stress-set curve of
each pair was ohtained after a relatively long extension,
the determination of this curve should be preceded by 2
relatively long rest interval. This rest intervel, as
shown in figure 13, was at least 20 minutes, often much
longer. The second experimental point of a pair was
obtained after a rest interval that varied from & few
minutes to 20 minutes or more. From the relative
positions of the experimental points of a pair, infor-
mation may be obtained about the influence of durs-
tion of the rest interval.

In many instances, the stressset curves of a pair
were separated by a small intervening cycle (insufficient
to cause important permanent extension but sufficient
to influence the lower part of the following stress-set
curve). The nominal maximum stress of this inter-
vening cycle was 40,000 pounds per square inch. The
second point of each pair with such an intervening cycle
is indicated in figures 12 and 13 by a small diamond
shaped symbol.

After the intervening cycle, the second stress-set
curve. of the pair was immediately determined. Al-
though a rest interval of varying duration immediately
preceded the intervening cycle, this cycle prevented the
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rest interval from affecting the second stress-set curve
of the pair.

With the annesled material used in these experi-
ments, the range of oscillation in figure 13 does not
attain the high values noted for half-hard material in
figures 7 and 9. The range of oscillation, however,
evidently tends to increase with the prior extension.
The influence of duration of the rest interval on these
oscillations is again conspicuous in figures 12 and 13.
As shown in figure 12, stress-set curves obtained after
relatively long rest intervals, generally are less steep
than the curves immediately preceding and following.
As shown in figure 13, the low point of each oscillation
(with & few exceptions) represents a result obtained
after a relatively long rest interval. Increase in dura-
tion of the rest interval, therefore, evidently tends to
lower the stress-set curve and the derived proof stresses.
The effect of Increase in the rest interval appears to be
large for the first hour; further increase in duration
appears to have somewhat less effect.

The effect of the (previously deseribed) small cycle
intervening between two consecutive stress-set curves
is clearly revealed in figure 12. A stress-set curve
immediately following such & cycle always extends ver-
tically for & considerable distance, which evidently
tends to increase with the prior plastic extension. In
figure 13, all the corresponding points are at the tops
of oscillations. Oscillation tops not occupied by such
points are occupied by points obtained with short
prior rest intervals; they are also the second points
of pairs.

An intervening small cycle, therefore, probably
tends to accentuate the rebound from the low point of
an oscillation, end a long rest interval tends to accen-
tuate the recoil from the high point of an escillation.
There is need, however, for investigation of the effect
of a rest interval efter an intervening cycle. Only
part of the improvement in elastic properties caused by
such & cycle may be permanent.

Although oscillations such as those shown in figure
13 are influenced by duration of the rest interval and
by an intervening cycle, they probably are influenced
by other factors, which are yet to be considered. The
general impression gained from a study of figures 7, 9,
and 13 is that an exceptionally low point, due to any
cause, tends to be followed by an abrupt rise to an
exceptionally high point. The spacing and the range
of these oscillations evidently can be influenced by
interspersing relatively long rest intervals among short
rest intervals and also by interspersing other procedures
that tend to influence the steepness of the stress-set
curve.

The oscillations shown in figure 13 may be viewed
as superposed on a less abrupt wavelike curve. For
both the 0.001 percent and the 0.003 percent proof
stresses, the first wave maximum probably is at a prior
extension of 5 or 6 percent, and the first minimum is
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at about 10 percent. These extensions are much greater
for this annealed specimen than for the half-hard speci-
mens represented in figures 7 and 9. For the 0.01,
0.03, and 0.10 percent proof stresses, the general
trend (with prior extension) is continuously upward.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION AND OF DURATION
OF THE REST INTERVAL ON THE STRESS-SET CURVE AND ON THE
DERIVED PROOF STRESSES, SPECIMENS 2C-1. 3C-1, 4C-1, AND 5C-1

The extension experiments previously described were
made either with annealed material or with half-hard
material that could be extended greatly before begin-
ning to contract locally. The extension experiments
now to be described were made with hard material,
which could not be extended far before reaching maxi-
mum load condifion. Results obtained with four speci-
mens of hard material, differing slightly in composi-
tion, are shown in figures 16 and 17.

The initial stress-set curve for each specimen shows
no vertical portion. Even the smallest stresses evi-
dently caused permanent set. These curves, like the
corresponding curves for annealed and half-hard metal,
show no evidence of a real elastic limit of the metal as
received. As shown by the increased steepness of
eurves 2, however, considerable improvement in elastie
strength was caused by even the slight permanent
extension made in determining curves 1. That most
of this improvement is not due to the shortness of the
rest interval between curves 1 and 2 will become evi-
dent in discussion of subsequent experiments in which
the rest intervals between curves 1 and 2 were much
longer. _ .

With further plastic extension, as illustrated by the
other curves of figurs 16 and by the other experimental
points in figure 17, the improvement in elastic strength
continues more slowly. This improvement consists
chiefly in elevation of the upper part of the stress-set
curve, thus causing general continuing rise of the 0.03
percent and the 0.10 percent proof stress curves in
figure 17. The curves for 0.001 and 0.003 percent
proof stresses, however, reach maxima at extensions of
0.15 to 0.4 percent. Beyond this maximum in each
curve, there are alternate descents and rises qualita-
tively similar to the oscillations shown in figures 7, 9.
and 13.

Most of the rest intervals in these experiments were
short, 2 to 6 minutes. A few results, however, were
obtained with relatively long prior rest intervals.
These occasional points evidently have much influence
on the oscillations of the curves in figure 17. Such
points, with a few exceptions, are low points of wide
oscillations. Two of the exceptions are points 3 and 4
obtained with specimen 5C-1. Because these points
are located on the sbrupt rise due to the first slight
plastic extensions, the depressing effect of the rela-
tively long rest interval was not sufficient to interrupt
the rise. Point 6 representing about the same rest
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interval, however, is near the bottom of the recoil from
the first rise. The relatively long rest interval here
accentuates the recoil and gives an exceptionally low
point. S

Although the duration of the rest interval generally
has considerable influence on the slope of the stress-set
curve and on the derived proof stresses, the examples
just cited (and others still to be discussed) seem to

indicate that the oscillations of the proof stress-defor-.

mation curve are due in part to other factors.

INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE PROOF STRESS-
DEFORMATION CURVES, SPECIMENS 2B-3, 2B-1, 3B-4, 2C{, §C-3. AND
5C~4

It seemed desirable to investigate further the in-
fluence of duration of the rest interval and other fac-
tors, and especially to ascertain the form of the proof
stress-deformation curve with the influence of varia-
tions in the rest interval eliminated or at least mini-
mized. In the obtaining of the previously described
proof stress-deformation curves, most of the rest inter-
vals were short. When the proof stress-deformation
curves now to be described were obtained, nearly all of
the rest intervals were either medium (20 to 70 min-
utes) or long (17 or more hours). Typical stress-set
curves thus obtained are shown in figure 20, and the
corresponding proof stress-deformation curves are dis-
tributed among figures 21 to 24, With any one of the
specimens represented in figure 20, nearly all of the
rest intervals were of the same order. With specimens
2B-3, 3B—4, and §C-3, nearly all of the intervals were
of medium length, 30 to 70 minutes; a few intervals
were about 1 day. With specimens 2B—4, 2C—4, and
5C—4, nearly all of the rest intervals were about 1 day;
a few intervals were about 2 days.

The initial stress-set curve for each specimen repre-
sented in figure 20, like the initial stress-set curves
obtained with previously described specimens, shows
permanent set at all stresses. Comparison of curves 1
and 2 shows that even the slight plastic extension re-
quired for determining curves 1 caused considerable
improvement in elastic strength. The fact that the
rest intervals between curves 1 and 2 were relatively
long appears to indicate that much of the improve-
ment caused by this slight tensile extension is perma-
nent. The permanence of the improvement, how-
ever, can be determined definitely only by additional
experiments with much longer rest intervals.

PROOF STRESS-DEFORMATION CURVES OBTAINED WITH REST
INTERVALS OF ADAY OR MORE AT ROOM TEMPERATURE OR WITH
REST INTERVALS OF 30 MINUTES IN BOILING WATER

The results represénted by the stress-set curves in
figure 20 are typical of a number of results obtained
with specimens of annealed, half-hard, and hard ma-
terials. From these sfress-set curves are derived the
proof stress-deformation curves of figures 21 to 29,
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inclusive. The stress-set curves from which figures 25
to 29 are derived are not included in the report.

Extension of each of the specimens represented in
figures 21 to 29 generally was by the previously de-
scribed alternate long end short stages. The short
stage cansisted of a pair of adjacent groups of cycles
involved in determination of a pair of adjacent stress-
set curves. Each pair was separated by a relatively
long extension interval from the pairs immediately
preceding and following. The rest interval prior to
the first stress-set. curve of a pair was always at least
20 minutes, often much longer.

When the forms of the proof stress-deformation
curves in figures 21 to 2¢ are studied, it is convenient.
to consider first the forms of the curves that are as
free as possible from the influence of duration of the
rest interval. With such curves as a basis of com-
parison, it should be possible to discern the modifying
influence of the rest-interval. For this reason, many of
the diagrams of figures 21 to 29 were obtained with
consistently long rest intervals, 18 hours or more.
Such diegrams were obtained with specimens 2B~4 of
figure 22, 2C—4 and 5C—4 of figure 24, and 4B—4 of
figure 25,

Numerous experiments, by various investigators,
have shown that restoration of “elasticity” after over-
stress ig greatly accelerated by even o short rest interval
at the temperatureof boiling water (reference 7). Arest
interval of 30 minutes or less in boiling water was found
to have as much effect as days of rest-at room tempera-
ture. Most of the effects described in the literature,
however, were obtained with carbon steels. The ob-
served ‘‘restoration of elasticity,” moreover, consisted
in elevation of the stresss-strain curve. Such experi-
ments apparently give no assurance that treatment
with boiling water would accelerate the effect of a rest
interval on the stress-set curve of 18:8 alloy. Never-
theless, the effect of boiling water was tried, as a pos-
sible means of shortening the time required for obtaining
a, proof stress-deformation curve free from the influence
of varying rest interval. Experiments were made with
rest intervals of 30 minutes in boiling water interspersed
with long rest intervals at room temperature. Proof
stress-deformation curves, based on these experiments,
were obtained with specimens 5B-3 of figure 25, 5B—4
of figure 26, and 3C—4 of figure 27.

The points obtained with a rest interval of 30 minutes
in boiling water generally are no higher in the diagram
than the points obtained with a rest interval of aday or
more at room temperature. In each of the three dia-
grams, therefors, a single curve has been drawn to
represent the results obtained with both of these rest
conditions. A very different relationship is found when
both medium and long rest intervals are at room tem-
perature. As shown in the diagrams for specimens
3B—4 of figure 23, 4B-3 of figure 25, and 2C-3 of figure
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27, points representing a rest interval of & day or more
at room temperature are consistently below the points
representing a rest interval of 20 to 70 minutes at room
temperature. The changes occurring during the rest
interval, therefore, evidently are much faster at 100° C.
then at room temperature. The evidence indicates
that a rest interval of 30 minutes in boiling water has
practically the same effect as an interval of about 1 day
at room temperature.

In the discussion of the form of the basic proof stress-
deviation curve, attention will therefore be directed
first to curves obtained either with rest intervals of 30
minutes in boiling water or entirely with long rest
intervals at room temperature. Disgrams of this kind
were obtained with seven specimens, 2B—4 of figure 22,
2C—4 and 5C—4 of figure 24, 4B—4 and 5B-3 of figure 25,
5B—4 of figure 26, and 3C—4 of figure 27. If some
irregular oscillations between high and low values be
disregarded, the results obtained with each of these
specimens may be represented by a curve of about the
same form. The first part of each curve, like the first
part of the proof stress-deformation curves previously
described, is a steep rise to & maximum, reached at a
smaell prior plastic extension. HEach curve then descends
to a minimum, and again gradually ascends.

PROOF STRESS-DEFORMATION CURVES OBTAINED WITH MEDIUM
REST INTERVAL (20-7¢ MINUTES)

Seven diagrams, distributed among figures 21, 23, 24,
25, 27, and 29, are based largely on experimental points
obtained with medium rest intervals, 20 to 70 minutes.
The six diagrams obtained with half-hard and hard
material will be considered first. Each curve has the
usuel initial rise to a maximum, reached at a small prior
extension, and the usval steep descent. The oscilla-
tions, however, are much more prominent in these
curves than in the curves based entirely on long rest
intervals. One of the oscillations generally involves a
rebound from the first minimum to a second maximum
4t an extension of 1 to 2 percent. A few of the experi-
mental points in these diagrams were obtained with a
long rest interval (a day or more); each of these points
generally is the first point of one of the previously
deseribed pairs, based on adjacent stress-set curves.
‘The second point of a pair generally was obtained with
a medium rest interval. Each point representing a
long rest interval, with one exception, is at the bottom
of an oscillation. The second point of such a pair,
again with one exception, is much higher than the first,
and sometimes is the high point of an oscillation. The
interspersed points representing long rest intervals,
therefore, generally tend to accentuate the oscillations
between high and low values of proof stresses.

Even when both experimental points of a pair were
obtained with medium rest intervals, the second point
frequently is much higher than the first. Examples
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of this relationship are points 5-6, 7-8, and 11-12,
obtained with specimen 2B-3 of figure 21; points 4-5,
obtained with specimen 5C-3 of figure 24; and points
11-12 obtained with specimen 4B—4 of figure 25.
Frequently, also, the opposite relationship is found.
A relatively low second point of a pair, however, gener-
ally is located somewhere in the recoil from the high
point of an oscillation. Examples of such location in
the recoil from a previous high point are pair 9-10
obtained with specimen 2B-3 of figure 21, pairs 7-8
and 11-12 obtained with specimen 3B-4 of figure 23,
and pair 9-10 obtained with specimen 4C-3 of figure 27.
When a pair of points follows & long single extension,
the second point of the pair tends to be higher than the
first. Yhen the extension inferval prior to a pair of
points is rather short, the combined influence of varia-
tions in the rest interval and of the extension spacing
of the preceding points may cause the second point of
the pair to be no higher than the first. A short exten-
sion, when it is the first extension of & specimen or
when it follows a long extension interval, evidently
tends to increase the proof stresses.

The range of oscillation tends to be especially wide
when alternate medium and long rest intervals ocour
within the extension range usually occupied by the first
rapid rise and descent. An example of this is seen in
the diagram for specimen 4B-3 of figure 25. The differ-
ence in rest interval between points 2-3 has caused
premature and abrupt recoil from the first peak of the
curve. This recoil is followed by an equally abrupt
rebound, which causes point 5 to occupy an unusually
high position, for s point representing & long rest
interval. Another, less conspicuous, example of the
influence of duration of the rest interval within this
oxXtension range, is found in the diagram for specimen
20-3 of figure 27. These examples are additional
illustrations of the previously mentioned fact that an
exceptionally low point, however it may be caused,
tends to be followed immediately or shortly by an
exceptionally high point.

A curve drawn so as to follow approximately the first
rise and descent, and then so as to follow the low points
of oscillations in each of the six diagrams would be
similar in form to the previously described basic curve
obtained either with Iong rest intervals at room tem-
perature or with rest intervals of 30 minutes in boiling
water. The curve would first rise rapidly to & maxi-
mum, reached at small extension, would then descend
rapidly, and again rise slowly to an extension of about
5 percent. The evidence appears to indicate that the
basic curve for all these diagrams is of the same general
form, but that the form may be obscured or masked
by the influence of variations in the duration of the rest
interval and in the extension spacing of the experimental
points.
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A diagram obtained with annealed specimen 5A~3 is
shown in figure 29. In addition to the experimental
points within the range of the first rapid rise and de-
scent, there are four widely separated pairs of points,
In three of these pairs, the first point represents a long
rest interval. Every other point of the diagram, with
one exception, represents a medium rest interval. The
first point of each of the four pairs, whether it repre-
sents a long or medium rest interval, is lower than the
second point. This fact tends to confirm the previously
expressed view that the difference in height between
the points of a pair depends not only on difference in
the rest interval but also on the extension spacing.
When & pair follows a relatively long single extension,
the general tendency is for the second point of the pair
to be higher than the first.

The range of oscillation obtained with annesled
material tends to be smaller than the ranges obtained
with balf-hard or hard materials. The range evidently
tends to increase with increase in the prior plastic
deformation, whether the deformation is by tensile
extension, by rolling, or by drawing.

A basie curve drawn to represent the pomts in this

diagram would be of the wavelike form mentioned in

connection with previously described diagrams. Be-
cause of the greaf range of extension, the curve would
have several maxima and minima. The curve for
0.001 percent proof stress evidently would reach its
first maximum at an extension of about 2 to 5 percent.
All of the other basic curves, probably because of the
great work-hardening rate for annealed material, evi-
dently have a general upward tendency. The upward
tendency is slight, however, for the curve representing
0.003 percent proof stress.

PROOF STRESS-DEFORMATION CURVES OBTAINED WITH INTER-
SPERSED LONG AND SHORT REST INTERVALS

Four diagrams, obtained with half-hard material,
are based on experiments with both long and short
rest intervals. These diagrams were obtained with
specimens 2B-2 of figure 21, 3B-3 of figure 22, 4B-2 of
figure 23, and 5B-2 of ﬁgu.re 26. The expenmental
points of each of these dla,grams are arranged in pairs.
The first point of each pair was obtained after a rela-
tively long rest interval, 17 hours or more; the second
point of each pair, with one exception, was obtained
after a rest intervel of 2 to 6 minutes. The exception
is point 2 of 2B-2, which was obtained after a rest
interval of 20 minutes.

Even with this wide difference in duration of the rest
interval, the second point of & pair is not always higher
than the first. In the diagram for specimen 2B-2 of
figure 21, point 4 is no higher than point 3. These
points, however, are at the bottom of the recoil from
the first maximum. Every other second point of &
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peir, in this diagram, is considerably higher than the
first. The second points of pairs 5-6 and 9-10, owing
to the great effect of the difference in rest 1nterval are
much higher than the mazimum of the initial rise..

In the diagram for specimen 3B-3 of figure 22, points
3 and 4 (belonging to the same pair) are at the same
height. This pair, however, is at the crest of the initial
rise. (The difference between points 1 and 2 is un-
usually small.) Every other second point of a pair is
considerably higher than the first. The effect of the
difference in rest interval is so great for pair 5-6, that
point 6 is nearly as high as the initial maximum.

In the diagram for specimen 5B-2 of ﬁgure 26, cvery
second point of a pair, with one exception, is hlgher than
the first. The recoil from the initial maximum is so
great that the first minimum is exceptionally low. The
rebound from this minimum carries pair 5-6 to & con-
siderably greater height than pair 3-4, and thus places
point 6 at a second maximum.

In the diagram for specimen 4B-2 of figure 23, three
of the second points of a pair are below the corre-
sponding first points. The spacing, however, is such
that point 3 is at the first maximum and point 4 is far
down in the following descent. Point 7 is at the
second maximum and point 8 is on tha following
descent. In this diagram, the extension spacng
evidently is such as to overcome, in the instances
mentioned, the effect of the difference in rest interval.

If curves were drawn in each of these four diagrams,
so as to follow the initial rise and descent and then so
as to follow the low points of the oscillations, the
curves would be qualitatively similar to the previously
described basic curves. In the diagram for specimen
4B-2, ‘the extension spacing evidently is such that
superposed oscillations are minimized, and a curve
drawn in accordance with the experimentsl points
would be similar in form fo the basic curve.

In figures 28 and 29 are four diagrams obtained with
four specimens of annealed material. In three of these
diagrams, the first point of each pair generally was
obtained after a long restinterval and the second point
generally was obtained after a rest interval of 2 to 6
minutes. Almost invariably the second point of each
pair is considerably higher than the first. A curve
drawn so as to follow the initial rise and descent and
then so as to follow the low peints of the oscillations
would. have the previously described wavelike form.
This curve, for each proof stress, would have a generally
ascending course, passing through successively higher
maxima, and minima. In this respect, the curves for
0.001 and 0.003 percent true proof stresses for annealed
material differ from the corresponding curves for half-
hard and hard materials. This difference probably is
due to the much greater work-hardening rate for the
annealed material.
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FACTORS INVOLVED IN THE FORM OF THE PROOF STRESS-
DEFORMATION CURVE

In the previous discussion, it has been shown that the
proof stress-deformsation curve generally consisis of
abrupt oscillations superposed on a wavelike curve.
It has also been shown that these oscillations are due in
part to variations in the prior rest interval and in part
to the extension spacing of the experimental points;
also that an exceptionally low point tends to be followed
immediately or shortly by an exceptionally high point,
and vice versa.

The most probable cause of the wavelike form of the
basic curve, of the influence of the extension spacing,
and of the recoil and the rebound from high and low
points, respectively, is variation of internal stress, Ten-
sile internal stress tends to lower the proof siresses,
especially the proof stresses corresponding to very small
amounts of permanent set. Relief of internal stress by
suitable tempering or annealing tends to elevate the
proof stresses, especially the 0.001- to 0.003-percent
proof stresses. Interneal stress can also be relieved con-
siderably by mechanical treatment. ‘‘Springing”’
(slight alternate bending) treatment tends to reduce
internal stress in rolled or drawn rods. It has been sug-
gested also that internal stress may be successfully
relieved by slight prestretching by tension; some exper-
iments have been made at the National Bureau of
Standards to investigate the possibilities of this method.
The use of mechanical methods of relief of internal stress
would have certain advantages over the thermal
method. One disadvantage of the thermal method is
that the temperature necessary for relief of internal
stress, as shown by investigation at the Bureau, tends
to decrease the corrosion resistance of 18:8 alloy.

The suggested use of prestretching for relief of inter-
nal stress would imply that internal stress induced by
severe rolling or drawing may be largely eliminated by
slight tensile extension., The general impression has
been that moderate tensile extension does not introduce
important internal stress. Different views, however,
have been expressed by a few investigators. Kunfze
(references 16 and 17), after investigation with copper,
concluded that tensile extension, up to 3 percent, in-
creases internal stress in cold-rolled copper. Further
information evidently is needed about the variation of
internal stress with tensile extension.

The evidence presented as to the form of the proof
stress-deformation eurve for 18:8 alloy suggests that
the form of the basic curve and also the superposed
oscillations may be due largely to variations in internel
stress. The variation of internal stress corresponding
to the basic curve possibly is as follows: The first slight
extension causes decrease of internal stress to a mini-
mum, and thus causes & corresponding increasge in proof
stresses. Further extension, however, causes general
increase of internal stress, with wavelike variations and
with corresponding opposite variations in proof stresses.
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These variations of internal stress probably are due to
repeated increase of the internal stress to a limit, at
which there is partial relief of internal stress by local
flow in regions of highest tensile stress. Hach relief of
stress proceeds until a minimum is reached, at which
the stress again begins to build up. Such variations of
internal stress obviously would be influenced by the
spacing of interspersed groups of cycles such as those
used in determining stress-set curves. They would also
be influenced by varying duration of the rest interval,
because varying duration of the rest interval permits
varying amounts of negative creep. The upper limit of
internal stress, at which relief by local flow begins,
evidently would increase with the increase in hardness
due to plastic extension. This increase of internal stress
would account for the increase in range of oscillation
with increase in hardness.

The information obtained by means of the proof
stress-deformation curves should be of practical applica-
tion in the effort to obtain high elastic strength in cold-
worked 18:8 alloy. In an attempt to relieve internal
stress by slight tensile extension, especially in hard
material, the amount of this extension probably should
be slight and be carefully controlled. Additional evi-
dence obviously is needed to establish the effects of
slight plastic extension followed by a long rest interval
on proof stresses and on positive and negative creep.

V. THE STRESS-STRAIN RELATIONSHIP FOR
-18:8 CHROMIUM-NICKEL STEEL

STRESS-DEVIATION CURYVES

An incomplete view of the elastic properties of a
metal is obtained by considering only the relation
between the stress and the deformation that remains
after the stress has been released. Consideration should
be given pot only to the influence of sfress on perma-
nent set but also to the influence of stress on the accom-
panying totel strain. In a structure or & machine, the
greater part of the total strain is elastic strain. Part
may be plastic strain. The plastic part of the total
strain has been discussed in part IV. Attention will
now be directed to the total strain and especially to
the elastic component.

The incompleteness of the view obtained by consider-
ing only the stress-strain relationship is illustrated by
the previously mentioned fact that the literature con-
tains results of many investigations on the influence of
& rest interval (after overstress) on the stress-strain
curve but practically no information about the influ-
ence of a rest interval on the stress-set curves. The
incompleteness of the view obtained by considering
only the stress-set relationship will become apparent
after consideration of the data now to be presented.

The relationship between a stress-set curve and the
corresponding stress-strain curve has been illustrated
and discussed in part ITI. In the determination of the
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stress-set curves discussed in part 1V, measurements
were generally made of the corresponding total strains.
The stress-strain relationship thus determined has
been represented by stress-deviation curves. (The
method of deriving & stress-deviation curve from a
stress-strain curve has been described in pt. II.) Typi-
cal stress-deviation curves are shown in the upper rows
of figures 6, 8, 12, and 16. Each stress-deviation
curve is directly above the corresponding sfress-set
curve.

The deviations obtained directly from the measured
strains are total deviations. These deviations are
represented by the experimental points in the upper
rows of figures 6, 8, 12, and 16, and each broken-line
curve represents the variation of total deviation with
stress. As total strain is the sum of the elastic strain
and the corresponding permanent set, the stress-set
curve directly below cach stress-deviation curve can
be used in making allowance for the permanent set,
and in thus obtaining a curve representing more nearly
the influence of stress on elastic strain. Each solid-
line curve in the upper rows of figures 6, 8, 12, and 16
has been thus obtained from the corresponding broken-
line curve, by deducting values of permanent set indi-
cated by the stress-set curve immediately below.

The corrected stress-deviation curves of figures 6, 8,
12, and 16 will now be compared with the corresponding
stress-set curves. It is of inferest to observe whether
the wide variations in the slope of the stress-set curve,
variations that cause the wide oscillations in the proof
stress-deformation curves (described in pt. IV), are
accompanied by either similar or opposite variations
in slope of the stress-deviation curve,

The initial stress-set curve, for each of the specimens
tested (as shown in pt. IV), generally gives evidence of
permanent set at even the lowest stresses, and the slope
decreases rapidly with increase of stress. Stress-set
curve 2 of each series generally shows great superiority,
in these respects, over curve 1. The corresponding
stress-deviation curves, however, show a quite different
relationship. Uncorrected stress-deviation curve 1 in
each of the four figures (figs. 6, 8, 12, and 16) differs
little from curve 2 in initiel slope, but the curvature is
greater in curve 1 than in curve 2. Uncorrected stress-
deviation curves 1 and 2 in each figure, therefore,
differ much less than the corresponding stress-set
curves,

The corrected stress-deviation curves 1 in these
figures are initially steeper than curves 2. In this
respect, therefore, the difference between stress-devia-
tion curves 1 and 2 is opposite to the difference between
the corresponding stress-set curves. The curvature,
however, is greater in stress-deviation curve 1 than in
stress-deviation curve 2. _

It has also been shown in part IV that the stress-set
curve varies greatly in steepness with prior plastic
extension and that the steepness tends to oscillate
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between high and low values. Also these oscillations
are due in part to varying duration of the rest interval,
and in part to the spacing of the stress-set curves
throughout the total range of plastic extension. Com-
parison will now be made between these variations in
steepness of the stress-set curve and the corresponding
variations in steepness of the stress-deviation curve.
In this comparison, consideration will be given first to
some of the stress-set curves representing extremes of
steepness,

In figure 6, stress-set—curve 56 is much stecper and
stress-set curve 57 is much less steep than the average,
although each was obtained with a short rest interval.
The corresponding stress-deviation curves, however,
differ little in slope. Stress-set curve 77, which is
steeper than the average, is followed by a curve that
is much less steep than the average. The correspond-
ing uncorrected stress-deviation curves, however, differ
little in slope or curvature. Corrected stress-deviation
curve 78, consequently, i3 much steeper than curve 77.
The difference between the corrected stress-deviation
curves, therefore, is opposite to the difference between
the corresponding stress-set curves. The three stress-
set curves 98, 103, and 108, obtained with relatively
long rest intervals, are much less steep than the pre-
ceding curves. Uncorrected stress-deviation curves 98,
103, and 108, however, differ little in slope from the
preceding curves. Corrected curves 98, 103, and 108,
consequently, are steeper than the preceding curves.
The evidence in figure 6 therefore suggests that varia-
tions in steepness of the stress-set curves, especially
veriations due to the duration of the rest interval,
generally are accompanied by opposite variations in
steepness of the elastic stress-deviation curve.

In figure 8, stress-set curves 31, 37, 40, 43, 46, 48, 51,
and 54, obtained with relatively long rest intervals, are
less steep than the curves immediately preceding.
The corresponding corrected stress-deviation curves
(with the exception of curves 31 and 54), however, are
steeper than the curves immediately preceding.

As figure 12 was obtained with annealed material,
the differences in steepness between the curves repre-
senting relatively long rest intervals and the curves
immediately preceding, are generally less prominent
than in figures 6 and 8 representing half-hard material.
These differences in steepness generally tend to increase
with the prior plastic extension. Inasmuch as consecu-
tive curves corresponding to the larger prior extensions
are few in figure 12, the evidence as to the comparative
influence of duration of the rest interval on stress-set
and stress-deviation curves is less conclusive in this
figure than in figures 6 and 8. Four curves, never-
theless, will be used in comparison. Stress-set curves
7, 10, 13, and 19 are much less steep than the curves
immediately preceding. Of the four corresponding
corrected stress-deviation curves, curves 7 and 13 are
slightly less steep than the preceding curves. Curves
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10 and 19, however, are much steeper than the preced-
ing curves, thus tending to confirm the evidence in
figures 6 and 8: that the effect of duration of the rest
interval on the corrected stress-deviation curve is op-
posite to the effect on the stress-set curve.

Figure 12 contains a number of pairs of stress-set
curves that were obtained with an intervening small
cycle in lieu of a rest interval (pt. IV). Consideration
will now be given to the comparative effect of this small
intervening cycle on the corresponding stress-set and
stress-deviation curves. A stress-set curve following
such a cycle, as shown in figure 12, invariably is steeper
than either of the two adjacent curves. The influence
of the small cycle on a stress-deviation curve can be
determined by comparison of the curve with the follow-
ing curve and not by comparison with the preceding
curve, which has been influenced by the prior relatively
long rest interval. The corrected stress-deviation curve
following a small cycle evidently tends to be slightly
steeper than the following curve. The effects of the
small intervening cycle on both the stress-set and the
corrected stress-deviation curve, therefore, were qual-
itatively the same. The effect of this small cycle (with
no following rest interval), therefore, differed greatly
from the effect of duration of the rest interval. This
subject, however, needs further investigation, with
introduction of a rest interval after the small cycle.

In figure 16, 6 stress-set curves were obtained with
medium or long rest interval. Four of these stress-set
curves, 8 of specimen 2C-1, 4 of specimen 3C-1, 5 of
specimen 4C-1, and 6 of specimen 5C-1, are much less
steep than the preceding curves. Of the corresponding
corrected stress-deviation curves, curve 8 of specimen
2C-1 and curve 5 of specimen 4C-1 are slightly steeper
than the preceding curves; the other two curves are
about as steep as the preceding curves.

The evidence presented in figures 6, 8, 12, and 16
therefore indicates that conclusions as to the stress-
strain curve cannot be drawn with certainty from the
form of the stress-set curve. Neither can conclusions
as to the stress-set curve be drawn from the form of the
stress-strain curve. Duration of the rest interval,
however, generally has opposite effects on the steepness
of the stress-set and elastic stress-strain curves. Re-
sults obtained with other metals, to be included in a
supplementary report, indicate that these conclusions
are not limited in application to 18:8 chromium-nickel
steel.

CURVES OF YARIATION OF THE MODULUS OF ELASTICITY WITH
STRESS

A curved stress-strain relationship is much more
clearly revealed and more readily studied by *means of
a stress-deviation curve than by means of a stress-
strain curve. The stress-deviation curves of figures 6,
8, 12, and 16 all show prominent curvature. Curvature
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is nearly as prominent in the correctedas in the un-
corrected curves.

The fact that the slope of each curve decreases con-
tinuously from the origin evidently means that the
modulus of elasticity decreases continuously with in-
crease in stress. The modulus of elasticity at zero
stress could be derived from the angle of slope of the
tangent to the curve at the origin, allowance being
made for the modulus of the assumed line from which
the deviations are estimated. For any stress, the modu-
lus could be derived similarly from the slope of the
tangent to the stress-deviation curve at the correspond-
ing point. It is generally more convenient, however,
to derive the modulus from the slope of the secant
drawn from the origin to the point (on the stress-devi-
ation curve) corresponding to the given stress. This
modulus, known as the ‘‘secant’” modulus,? was used
(in this investigation) to study the variation of the
modulus with stress and with prior plastic extension.

Curves of variation of the modulus with stress have
been derived from all the corrected stress-deviation
curves and from a few of the uncorrected stress-
deviation eurves, of figures 8, 12, and 16, also from the
ascending portions of many of the hysteresis loops of
figures 2 and 8. 'The sfress-modulus lines derived
from the stress-deviation curves of figures 8, 12, and
16 are shown in figures 10, 14, and 18. Each stress-
modulus line has been shifted to the right from the
preceding line and has been given a separate abscissa
scale. Absciseas, inereasing from left to right, represent
values of the secant modulus of elasticity. The scale of
abscissas is indicated at the left of the upper row.
Ordinates represent true stress, stress based on the
cross section at the beginning of the determination of
the curve.

The values for E;, the modulus at zero stress, are
merely extrapolated values, obtained by extending the
stress-modulus line to zero ordinate. In figures 10
and 18, representing half-hard and hard material,
respectively, nearly all the stress-modulus lines are
straight, either throughout the entire represented
extent or throughout all but the upper part of the
extent. In figure 10, “corrected” line 1 is much less
steep than any of the other corrected lines. Although
this line is straight, the following two lines (and to a
less extent line 4) are curved. With a few exceptions,
all of the other lines of this figure are practically straight.
In figure 18, lines 1 and nearly all the other lines are
practically straight. In figure 14, representing an-
nealed material, stress-modulus lines 1 to 12 are curved;
the curvature decreases generally from line 1 to line 12.
The other lines in this figure, with 2 few exceptions, are
practically straight.

1Tt should be noted that this modulus differs from & frequently used “secent mod-
ulus,” based on the varfation of total strain with stress.
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A linear relationship between stress and the secant
modulus may be represented by the equation E=E,—
kS. In this equation, E represents the modulus at any
stress §; Ky represents the modulus at zero stress; and
k represents the cotangent of the angle of slope of the
stress-modulus line. (This equation evidently indicates
that the corresponding stress-strain line is a parab-
ola.} An equation of this form was found by Sayre
(references 1 and 2) to represent the stress-modulus
relationship for ordinary steels and for a number of
nonferrous metals, Sayre’s equation, however, repre-
gented the influence of stress on the tangent modulus.
The tangent modulus obviously decreases more rapidly,
with increase of stress, than the secant modulus.
Values of k reported by Sayre for various metals, there-
fore, are not directly comparaeble with values obtained
from the stress-modulus lines in figures 10, 14, and 18.

Bridgman (reference 18) found linear decrease in
compressibility (linear increase in the volume modulus
of elasticity) for many metals, with increase in hydro-
static compressive stress. As the constants published
by Bridgman to represent this relationship are based
on variation of the secant modulus, they are comparable
with the values obtained from figures 10, 14, and 18.

Some years earlier, the authors of references 16 and 17
presented evidence of linear relationship between tensile
stress and the “Debhnungszahl”’ (a), the reciprocal of the
secant modulus of elasticity. As k is small, such a
relationship evidently implies a nearly linear relation-
ship between stress and the secant modulus throughout
a considerable range of stress.. .

The constant k is a dimensionless index of the curva-
ture of the stress-gtrain line. It is not entirely satis-
factory, however, as an index of the influence of stress
on the modulus of elasticity. For such sn index, it
appears desirable to use a constant that represents the
fractional change of the modulus with stress although
such a constant is not dimensionless, A suitable con-
stant for this purpose mey be obtained from the
equation E=E,(1—CS). In this equation, E, Ey, and
S have the same significance as in the previous equa-
tion, and C is the new constant. This constant is
equal to k/E,, and is a small decimal fraction.

Stress-modulus lines for annealed steel 2A-1, ob-
tained with prior extensions up to about 11 percent
(compare figs. 14 and 15), are curved from the origin.
A few of the lines obtained with harder material are
similarly curved. For the curved lines, an equation
representing the variation of the modulus with stress
needs an additional term containing a second constant.
Addition of such a term to each of the preceding two
equations, gives the following equations:

E=E},—k18—k1sz’
and

E=E[1—C; S(1+ G:S)] or E=E,(1—C.\S—C.C,8%)
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(Instead of using both constants in the third term on
the right of each equation, a single constant could be
used.)

For nearly all the corrected stress-modulus lines ob-
tained with half-hard and hard material (figs. 10 and 18),
end for most lines obtained with annealed material
(fig. 14), G,S is either zero or so small that it may be
neglected. For curves 1 to 12 of figure 14 and for a
few curves of figures 10 and 18, CiS is not negligible.
Velues of () and C; are indicated in figures 10, 14, and
18 by the numbers adjacent to the corrected stress-
modulus lines. Values of ' for the curved lines are
based on the slopes of the tangents at the origin.

In figures 4-and 5 are stress-modulus lines obtained
from the ascending portions of many of the hysteresis
loops of figures 2 and 3. The stress-deviation lines in
these hysteresis loops are based on total strain, because
the loops could not be corrected for permanent set.
As most—of the plastic component for the ascending
part of each curve is near the fop, however, stress-
modulus curves derived from the ascending curves of
some of the hysteresis loops should give approximately
correct values of By and C,. Hysteresis loops suitable
for such a purpase are loops obtained after so many
cycles that the positive and negative creep per cycle is
smell,

All the hysteresis loops previously described (figs. 2
and 3) were obtained with annealed material. The
loops in the upper row of figure 2 were obtained with a
relatively large stress range, which caused about 15
percent plastic extension in the first loop. The derived
stress-modulus lines, shown in the upper row of figure
4, are nearly straight. The loops in the lower row of
figure 2 and in figure 3 were obtained with & much
smaller stress range, which caused only about 3-percent
plastic extension in the first loop. The derived stress-
modulus lines, shown in the lower row of figure 4 and
in figure 5, are curved. The great difference in plastic
extension in the first loop probably is the cause of the
great difference in curvature between the stress-modulus
lines shown in the upper row of figure 4 and those shown
in the lower row of figure 4 and in figure 5. This
relationship between prior plastic extension and degree
of curvature of the stress-modulus line is similar to
that illustrated in figure 14. With increase in prior
plastic extension, the curvature of this line (for annealed
material) evidently tends to decrease, and the line
generally is straight-for extensions beyond about 10
percent.

Values of E; and O, estimated from the stress-
modulus lines in figures 4 and 5, are listed in tables
II1, IV, gnd V. Although these values were obtained
from uncorrected stress-deviation curves, they gen-
erally fall within the range of velues obtained from
corrected stress-deviation curves for annealed material,
as represented by the numbers adjacent to the solid-
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line curves of figure 14. That values obtained from
uncorrected stress-deviation lines generally differ Little
from values obtained from corrected lines is illustrated
in figures 10, 14, and 18 by a few broken lines obtained
from uncorrected stress-deviation curves of figures 6, 12,
and 16. The broken lines in figures 10, 14, and 18
generally differ little, in position, slope, and curvature,
from the corresponding solid lines. Under these con-
ditions, values of Fy and C, obtained with uncorrected
stress-deviation lines evidently differ little from values
obtained with corrected lines. The initial broken line
for each of the steels represented in the three figures,
however, differs considerably from the corresponding
solid line. Values of E; and €}, obtained with initial
uncorrected stress-modulus lines, therefore, may differ
considerably from values obtained with corrected lines.
Uncorrected lines generally give lower values of F
and higher values of () than those obtained from
corrected lines. The difference between values of C,
obtained from corrected and uncorrected lines is less
than it would be if the stress-set curve and the corrected
stress-strain curve were similar in form. As shown in
figures 6, 12, and 186, the lower part of the stress-set
line tends to be nearly straight, whereas the corrected
stress-strain line generally is uniformly curved.

In table VI are listed the ranges of values for K,
ki, and €, obtained with the 18:8 alloy, for comparison
with values similarly obtained with other metals.
Three of these metals, an annealed steel containing 14
percent chromium and 2 percent nickel, a cold-drawn
slloy containing about 13 percent chromium, § percent
iron, and 82 percent nickel, and cold-drawn K-monel
metal (heat-treatable), have been studied in connec-
tion with the general investigation of elastic proper-
ties of high-strength aircraft metals sponsored by the
National Advisory Committee for Aeronautics. The
curves upon which these values are based will be
included in a supplementary report. Other values
listed in the table were obtained from the previously
mentioned data published by Sayre (references 1 and
2) and by Bridgman (reference 18). The values pub-
lished by Sayre have been corrected to allow for the
fact that his data represent the influence of stress on
the tangent modulus.

The values of €, for 18:8 alloy, given in table VI,
range from 6 to 55. As illustrated by the curve for ¢,
in figure 30, to be discussed later, the upper limit of
this range represents annealed, and the lower limit
represents severely cold-worked metal. Even for
severely cold-worked 18:8 alloy, the value of (), is con-
siderably higher than values obtained from Sayre’s
data, except the range listed for eluminum alloy. For
the aluminum alloy, the upper limit of the listed range
of O is about the same as the value for severely cold-
worked 18:8 alloy. The values obtained with annealed
14:2 chromium-nickel steel, however, fall within the

range of values for 18:8 alloy. The ranges for cold-
drawn Inconel and cold-drawn K-monel metal overlap
the lower part of the range for 18:8 salloy.

The value for annealed 18:8 alloy is much higher
than any other value listed in the table. This table,
however, conteins no value for an annealed pure
metal or for any annealed single-phase alloy except
18:8 alloy. (The aluminum ‘“hard-drawn and an-
nealed” probably was merely heated for relief of
internal stress.) Annealed pure metals and single-
phase alloys generally give strongly curved stress-
strain lines. This fact implies & high value of C,.
Some data published in reference 17 appear to indi-

cate that O for annealed copper may be as high as

about 360.

No quantitative information is available as to the
influence of heat treatment on ). The steels used by
Sayre were all of spring temper. It seems probable
that higher values for €) would be obtained with an-
nealed steels than with quenched-and-tempered steels.
It is worthy of note that his next highest range of ()
listed in table VI was obtained with an annealed steel.
The influence of heat treatment on €, evidently needs
further investigation.

INFLUENCE OF PRIOR PLASTIC EXTENSION AND OF THE PRIOR REST
INTERYAL ON Ey AND C,

For specimen 1B-3, the initial value of E; (curve 1
of fig. 10) is about 32 million. As illustrated by curve
2, the slight plastic extension involved in the deter-
mination of curve 1 has decreased FE, from 32 to 25
million. Accompanying this decrease in E; is a de-
crease in () from 43.9 to 9.4X107. Similar though
smaller differences exist between curves 1 and 2 ob-
tained with specimens 2C-1, 3C-1, 4C-1, and 5C-1
of figure 18. (These differences for specimens 4C-1
and 5C-1 possibly are within the limits of experimental
error.) These examples are not mentioned to imply
that similar differences will be found between curves
1 and 2 obtained with every specimen. They are men-
tioned as illustrations of the fact that variations of
Ey, with prior plastic extension and with duration of
the rest interval generally are accompanied by similar
variations of ;. Numerous illustrations of this
parallel variation of E, and €, may be found in figures
10, 14, and 18. The higher the modulus at zero
stress, the less steep usually is the stress-modulus
curve; that is, the higher is the index () of variation
of the modulus with stress. This relationship is
clearly revealed in diagrams of a different type, now
to be described.

In figures 11, 15, and 19 are shown curves derived
from the stress-modulus curves of figures 10, 14, and 18.
Abscissas in these curves represent prior plastic exten-
sion; ordinates represent values of E, and C; and of the
secant modulus corresponding to an arbitrarily selected
tensile stress, whose value is indicated by & subseript
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number with the last three ciphers omitted. Attention
will be directed first to the curves of variation of E, and
C.

Comparison of these two curves in each of the three
figures shows that variations of E;, generally are accom-
panied by qualitatively similar variations of €i. The
most conspicuous example of this is the initial steep
drop in the curves for E; and C; in figure 11. Qualita-
tively similar descent of both curves is found also in the
diagrams of figure 19. An exception, however, is found
in figure 15; the initial course of the curve for C; in this
figure is a steep rise instead of the usual initial steep
descent. The initial value of C; in figure 15 is lower
than any of the values obtained with prior plastic
extensions between zero and ahout 45 percent. This
abnormally low initial value, however, possibly is not
correct. The curve from which the low value was
derived, curve 1 of figure 12, obviously is based on so
few experimental points that its course is not well
established. To a less extent, the same criticism applies
to several of the curves following curve 1 of figure 12.
There is considerable doubt, therefore, as to the reality
of an initial increase of O, with prior plastic extension.
The doubt is accentuated by a study of figure 30, to be
described later.

In figure 19, representing hard material, the initial
trend of each curve, for both E; and (), is downward.
After the initial descent, the course of the curves gives
no clear indication of & general trend for either K, or C..
The numerous irregularities probably are due to the
influence of the variables previously discussed. For
these materials, severely cold-worked prior to test, E;
and O, evidently do not change much with further
plastic extension. A broader view of the evidence,
shown in figure 30 (to be discussed later), indicates that
the general trend of €, with plastic extension, is down-
ward at a gradually decreasing rate.

The curves for Ey, and ) in figures 11, 15, and 19
will now be compared with the corresponding curves
of variation of proof stresses (figs. 9, 13, and 17). In
this comparison, particular attention will be given to
the influence of duration of the rest interval. It has
been shown in part V that variation in the rest interval
has opposite effects on the stress-deviation and stress-
set curves. It is not surprising, therefore, to find that
points representing relatively long rest intervals tend
to be at the tops of oscillations in the curves of varia-
tion of E, and O, wheredas the corresponding points in
the proof stress-deformation curves tend to be at the
low points of oscillations. The range of. oscillations,
however, generally is much less in the curves of varia-
tion of B, and C; than in the curves of variation of
proof stresses. _

From corresponding values of E; and (), the secant
modulus mey be calculated for any stress. The inter-
mediate curves in figures 11, 15, and 19 represent the
variations of the moduli corresponding to some arbi-
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trarily selected stresses. In figures 11 and 13, these
curves (Fiy) show the variations of the modulus corre-
sponding to a tensile stress of 100,000 pounds per square
inch. In figure 15, the intermediate curve (Ej) shows
the variation of the modulus corresponding to a stress
of 50,000. Modulus values corresponding fo stresses
between zero and either 50,000 or 100,000 could readily
be estimated from these diagrams by interpolation.

THE VARIATION OF E; AND C; WITH GLTIMATE TENSILE STRENGTH

The evidence presented in figures 11, 15, and 19 indi-
cates that F; and C, generally decrease with increase in
plastic extension, whether the experiments are made
with annealed, half-hard, or hard material. The evi-
dence suggests that Fy and C), for 18:8 alloy, generally
tend to decrease with increase in the hardness due to
cold work, whether the cold work is applied by rolling
or by prestretching. It appeared possible, therefore,
that values for E; and C; obtained with ell the speci-
mens tested could be combined in one diagram by use
of some property that indicates, at least qualitatively,
the amount of cold work applied either in rolling or pre-
siretching. As the tensile strength generally is a good
qualitative index of the amount of prior cold work, use
has been made of this property in constructing a single
diagram (fig. 30) to represent the variations of E, and
¢ with work-hardening.

Abscissas in figure 80 represent ‘‘true” tensile
strength, based on the cross section at the beginning of
the determination of each stress-modulus curve. (Sce
P.21.) The experimental points in this figure represent-
ing annesled, half-hard, and hard material are at the
left, in the middle, and at the right, respectively.

The values for C; will be considered first. Although
there is considerable scatter of the experimental points
representing values of C;, the composite curve as drawn
represents fairly well all of the experimental values
except the initial values. With one exception, the points
representing initial velues are above the composite
curve. This corresponds to the observation.made in
part I that, either because of some effect of the long
prior rest interval or because of internal stress, the data
based on the initial stress-set and stress-strain curves
generally cannot readily be correlated with the data
obtained after slight plastic extension. The inherent
properties of the material apparently are best revealed
by a second determination of stress-set and stress-
deviation curves soon after the initial determinations
made with the material as received.

With increase in tensile strength, as shown by the
composite curve, C; decreases. For annealed material
the value evidently is many times the value for hard
material, which means that the curvature of the stress-
deviation line is much greater for anneeled than for
hard material. Although C; generally tends to be less
for hard than for half-hard material, the difference is
slight,
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The variation of E; with increase in tensile strength
is much more irregular than the variation of ¢;. The
general tendency is for Ej to decrease with incresse in
tensile strength. The effect on Ey of increase in tensile
strength above about 150,000 pounds per square inch,
however, is slight. The effect may be masked by other
variables, such as differences in composition and miero-
structure. These variables evidently have more effect
on K than on O

Values of the modulus of elasticity corresponding to
some arbitrarily selected fensile stresses have also been
included in figure 30. Variation of these values with
tensile strength is generally less than the variation of £,

CONCLUSIONS

1. An incomplete view of the tensile elastic properties
of 18:8 alloy is obtained by considering either the
stress-strain or the stress-set relationship alone. Con-
sideration should be given to both relationghips.

2. In 2 study of the elastic properties, consideration
should be given to the influence of hysteresis and of
positive and negative creep.

3. Both the stress-set relationship and the stress-
strain relationship are much influenced by duration of
the rest interval. The influence of duration of the rest
interval is due, in part at least, to the influence of
negative creep.

4. Increase in the rest interval generally decreases
the slope of the stress-set curve and thus decreases the
proof stresses. Increase in the rest interval generally
increases the slope of the “corrected”’ stress-strain curve.

5. Curves of variation of proof stresses with prior
plastic extension often have many wide, abrupt oscilla-
tions superposed on a gradual wavelike mean curve.
The wide oscillations generally are associated with vary-
ing duration of the rest interval and with variation in
the extension spacing of the experimental points. The
complexity of form of the proof-stress deformation
curve possibly may be atiributed in part to variation
of internal stress with plastic extension.

6. With prior plastic extension, the proof stresses
corresponding to small percentages of permanent set
(0.001 to 0.003 percent) generally increase considerably
to & maximum, reached at a small percentage of prior
plastic extension, and then decrease to & minimum.
Further extension causes irregular oscillations in the
proof stresses.

7. From corresponding stress-strain and stress-set
curves may be derived corrected stress-strain curves to
represent approximately the variation of elastic strain
with stress. From the corrected stress-strain curves
may be derived curves of variation of the secant modulus
{(for these curves) with stress.

8. The stress-modulus line for annealed material that
has received no prior plastic extension is strongly
curved. With prior plastic extension, the curvature
decreases and generally is negligible for extensions of
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more than about 10 percent. For half-hard and hard
materials, the stress-modulus lines generally are straight.

9. Straightness of the stress-modulus line indicates
that the corresponding stress-strain lines are parabolas.
The cotangent %; of the angle of slope of the stress-
modulus line is & dimensionless index of the degree
of curvature of the stress-strain line. As an index
of the fractional change of the secant modulus with
stress, a suifable constant is ), which is equal to
kiy/E,. The modulus at zero stress Ej is obtained by
extrapolating the stress-modulus line to zero stress.

10. When the stress-modulus line is curved from the
origin, C; may be based on the slope of the tangent at
the origin, and a second constant O may be used to
represent the curvature of the stress-modulus line.
The second constant C, is not generally necessary except
for material that has been annealed and afterward has
not been extended more than about 10 percent.

11. When K, (,, and the corresponding stress-set
curve are known, as a function of the prior extension
and the rest interval, & fairly good picture is available of
the elastic strength.

12. With prior plastic extension, both F; and
generally decrease. Variations in E, generally are
accompanied by similar variations in C).

13. In a practical estimation of the elastic strength
of 18:8 alloy, the best procedure now available con-
sists in determining the corrected stress-set and stress-
deviation curves. From these may be estimated proof
stresses and values of Fy and €,. Much further infor-
mation, however, may be obtained by determining
{(with the same specimen) a second stress-set curve and
the corresponding stress-deviation curve and by deriving
from these a second set of indices.

14. In specifications for elastic strength, possible use
could be made of 2 specified lower limit for E, and a
specified upper limit for €, to apply throughout a speci-
fied range of stress. Such & requirement, based on
these indices, would have some advantages over the
more arbitrary requirements now in use in some speci-
fications. In addition to the suggested limitation of
the form of the elastic stress-strain curve, specificaetions
should include a proof-stress requirement for limita-
tion of permanent set.

15. Asindicated by conclusion 6, slight prestretching
generally causes considerable improvement in elastic
strength. Most of this improvement persists for at
least a day. Whether most of the improvement is
permanent can be determined only by further experi-
ment. Slight prestretching, however, may prove to be
of practical use as & means of improving the elastic
strength of severely cold-worked material.

Although these conclusions apply specifically only to
the tensile elastic properties of the bar material used in
the investigation, it appears probable that they are
applicable qualitatively to many other metals, in other
shapes and sizes, and stressed in other ways. The



562

sane methods of investigation, applied to several other
alloys (previously mentioned), one of them a pearlitic
alloy steel, show that these conclusions are applicable
qualitatively to those alloys as well as to 18:8 alloy.

Now that some understanding has been obtained of
the influence of plastic deformation and of accessory
factars on, the elastic strength of 18:8 alloy, it is desir-
able that an investigation be made of the superimposed
influence of thermal treatment to reduce internel stress.
Additional investigation of the various other factors,
however, evidently is much needed.

Narional BUREAU OF STANDARDS,
WasaiNaeToN, D. C., November 22, 1988.
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Fiaure 25.—Inlluenco of medium and long rest Iniervals at room temparatura and of 80 minutes at 100° O,

on the proof stress-deformatlon curves. Half-hard materials (4B-3, 5B, 5B-, tablo I),
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TABLE 1—CHEMICAL AND MECHANICAL PROPERTIES OF MATERIALS AS RECEIVED

REPORT NO. 670—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

. | Rlongatlonin
pgﬁﬂc&l:rggt) 2i.nm)(per- (E:lft; Tonsilo Initlal proof stress (Ib./sq. in.} 1nitia! proof ratlo » (percent)
on

Materinls| Specimen Condition of mh
ol | oo [ 7o foere | 1) | 10 | guso | 0010 | 0.008 | 0.001 | 0.10 | 0.080} 0.010 | 0.008 } 0,001
" - . | per- { per- | per- | per- | per- | per-
loeg | t8l | cent) percent | percent | Domi | Bt | B ) Bemt | &t | Seme | Sant | ceat
1A 1A% ccnu| Annealed__.| 18.22) 8.68] 0.07] 811 |720| 78.7] 92150 20,400 | 27,100 | 24,800 [ 21,800 | 17,000 [ 83.0 j 20.3 | 7.0 | 33.0 | 187
. 28,200 | 2¢,000 | 10,500 | 18,300 | 8,200 [ 33.7 |28.7 [ 93.5 [ 15.9| 9.8
JAnnealed. ..} 18.7 | 0.56] 06| 681 |70.0] .7e.4| 83,69 (R0 | i | Ik oo | ot |20k | 200 10d YA
20,300 | 24,750 | 20,100 | 14,775 | 10,800 | 35.0 | 20.6 | 24.5 | 17.7 | 12.9
35,300 | 28,000 { 22,200 | 8,500 | 2,500 [ 20.6 | 315 263 { 91| 2.8
YOI Annealed___{ 18.4| 8.9]0.7 | 587 [06.8] 7e8| 90,630 |J 35050 | 30200 | 25100 | 10,400 | 15,000 | 38.7 | 33.8 | 27.7 | 21.4 | 1808
$5,260 | 80,800 | 25,700 | 20,000 | 16,200 | 38,0 | 34,0 | 284 | 202 | 17,0
35,570 | 29,970 | 24,330 | 16,200 | 11,250 | 39.0 | 23.0 | 2.8 | 17.8 | 12.3
4AD i ] 40,500 | 85,300 | 20,000 | 22,000 | 9,000 | 411! 85,8 | 204|228 9.1
TRV 3o YAnnealed.._[18.2| 82| .11| 882 |es0| 77| 08,63 {41,900 B o R B B3
Average.._|...... 43,200 | 35,650 | 20,760 | 23,070 | 15,400 | 41.8 | 36.1 | 80.2 | 24.3 | 1.0
5AD.neee 38,600 400 | 25,500 | 20,000 | 13,500 | 40.0 | s8.2 | 28.2 | a9 | 18.7
sA. {333 {Janneated. . | 19.2 ) 02| a1 511 [es0| 7a7] 1,300 {as,eoc kA d Rt A Eraod b EH o
Average. .. 36,600 | 30,760 | 25,650 | 20,000 | 14,000 | 40.08| 38.6 | 28.1 | 20.5 | 16.4
29,300 | 10,780 | 6,850 19.5| 1| 4.5
85,200 | 50,000 | 24,400 | 7,800 | 2,600 [ 56.4 | B3.5 | 16.2 | &3 | LT
Y- S Baltherd...| 18.22| 8.3 .ov1 20.2 {28 5| 7a.7 | 160,030 {{ 59900 | 1,200 | 39)100 | 22]000 | 12,800 | 607 | 40.7 | 260 | 181 | 9.2
89, 800 300 | 42,300 | 26,500 | 16,200 | 50.6 | 41.3 | 281 | 176 | 10,7
89,400 | 61,000 | 47,700 | 25,100 | 167500 | 69.3 [ 40:4 | 2.7 | 1007 [ 20.9
93,580 | 63,880 | 55,870 | 18,680 | 11,200 | 5.0 | 80.1 | 25.4 | 12.3 | 7.4
9B-2. .. 106,500 | 76,400 | 48,500 | 17,000 | 6,000 | 74.4 | 82T ) 391119 | L2
2B 3B-3 Helthard._{ 1868 | o8| .06| 7.08|185( 611] 143130 81,300 | 40200 | 28,800 | 14,500 | 76.8 | 58.8 | 34.4 | I7.8 | 101
24, ] o0 | a0 | 20000 | 7000 | 707 see | aLa|1i7! 'ea
SN SR N NN S - 108,330 | 78,400 | 47,730 | 21,500 | @, 170 | 76.6 | 54.8 | 83.4 | 16.1 | 6.4
120,000 | 93,500 | 63,200 | 34,800 | 18,700 | 78.6 | 60.8 | 40.1 | 22.6 | 12.1
3B. o roffEairbard. .| 8.0 | 8.9 07| 340163 oL | 168,800 {121,000 | 92900 | 85,600 | 38,500 | 18500 | 787 | 0.0 | 413 23.7 [ 101
45,500 | 88,100 | 21,300 | 12,000 | 68.8 | 43.2 | 24.8 [ 18.8 | 7.8
I us.ooo 84,100 | 54,930 | 30,870 | 16,400 | 76.8 | B4.7 [ 36.7 | 20.1 | 10.1
130,200 | 107,000 | 72,600 | 36,00 11,500 | 80.1 [ 6.8 | 417 | 20.4 | 6.8
4B...... Heltherd._| 182} 82| .11 242]148] 551|173 600 100,500 | 77,400 | 51,600 | 34,000 | 80.8 | 69.0 | 45.7 | 26.7 | 19.8
1200 | 104500 | 7000 | 41000 1 317000 | .8 | 0o | 0.3 | 2a.6 | 121
128, 530 | 106, 900 | 73,300 | 42,630 | 22,170 | 75.8 | OL.5 | 42.6 | 24.7 | 12.8
ta1,200 | 96,000 | 56,000 | 2000 | v, 000 70.6 50.5)253] 127 4.2
§Boeee. Halfbard...| 10.1| 0.8| .13| 480|158 6.8 164,830 104,300 | 75,000 | 44,000 | 24,000 | 80.6 [ 62.2 | 45.8 | 26.7 | 14.6
12500 | 104500 | 75.000 | 45000 | 107000 | 80:2 | 681 | 443 | 248 | 115
. 182, 100 | 103, 100 | 68, 670 | 85,000 | 15,670 | 80.1 | 6L 9 | 41.6 | 21.2 | 10.1
_ 170,000 | 122,500 | 56,000 | 18,200 | 6,300 7.2 | s0.3{ %0l 82 23
PO s Hard 1.8 9.4 08| 1.48] a5 5022180 181,600 | 05,000 | 61,000 | 28,000 | 80.0 | 58.0 | 2.6 | 7.3 | 1.7
180 |iTe 200 | 135,000 | 86:000 | 22000 | 16,000 | 780 | 36.4 | 38. [ 18.8 | ‘7.3
175,100 | 130, 030 | 76,670 | 40,400 | 10,100 | 78.5 | 8.3 | 85.7 | %1 | 8.6
- |r184,700 | 131,000 | 50,000 | 15,000 | K000 | 71.3{50.5{ 103} 88| Lo
8.4 89) .07| 103) 6.5 2.0 | 250,380 [{13% 700 | L0001 EHO0R 1 D000 | o000 | 716 | ha |27 | 167 | &8
185, 550 | 130, 600 | 67, 500 | 29,000 | 13,600 | 7L 48] 50.85| 8.0 | 11.2 | 5.2
i, 000 | 154,000 | s5,000 | 26,000 | 9,000 | 78.9 | 5.3 [30.0] 0.2| 32
83 81| 11| 15| 48] 48] m,000 (001 12200 | 57900 00 000 | T2l 50 5es | ata ) ma
..... 252, 500 | 160,760 | 91,000 | 43,000 | 25,500 | 7R.5 | 8A.1 | 82.1 | 16.2 | 3.8
o] 188,000 1100,000 | 42,000 | 14,000 |...—_{ 85.6 40.4 | 100 | B
19.1] s2f .1¢| 12| a7l 553|218 830 {m,soo 136, 000 | 9¢.300 | 60,000 | 82,000 [77.7 | 54.9 | 38.1 { 24.2 | 12.9
" |1194,200 | 135, 500 | 95; 000 | 62; 500 | 20,800 | 784 | 54.7 | 38.4 | 25,2 | 8.4
157,500 | 156, 500 | 96, €30 | 54,0 | 22,270 | 78,081 65.1 [ 30.0 1321 0.0

s A represents annealed materlal; B represents half-hard materfnl [a] representq hard materlal

TABLE II—DIMENSIONS OF ROD MATERIAL AS RE-
CEIVED AND OF TEST SPECIMENS

All specimens machined to standard 2-Inch gage lﬁth Fillets and reduced section
machin

A. 8. T. M. tenslle specimen]

ed with ald of templet designed for 0

fnch gege diameter standard

dl‘.Bar Nominal Dtgﬁf'
pme- gage
Material Condition ter ! | dlameter thg%%ed
(Inohes) | (Inches) (tnches)
1A e Apnealed .| 0.417 0.625
2A do__ . 506 750
3A.... do... . 506 . 750
4A do . 505 . 780
7. R, E 0 . 505 .750
1Bocrcaeeeeen] Halfbhard. oo 417 826
2B do.. N 417 . 625
3B do .A417 . 625
[ - J— - Lo [+ T . 47 025
5B do... 417 .025
20 Hard . 250 L3786
30 do... . 250 318
[0 ORI R (. 1 P, . 250 378
.19 do . 250 378

] Proo[ ratio Is given asratio of proof stressto tenstie strenzth [nperoent.




TENSILE ELASTIC PROPERTIES OF 18:8 CHROMIUM-NICKEL STEEL 579

TABLE III.—HYSTERESIS
SPECIMEN 14-5

1 2 3 4 § 6 7 8 g 10 11 I 12 13 14 15
Time Permanent set due Eﬁfggf&':g
ess | Total | interval tocycle (percent) | gl cent) | Positlve [Modulus| Gy
True stress Strain | Devla- Loo a
Cycle e cle | after pre- o |Honranga wid.& perma cree (a%_[n.{
amﬁ“ in.) oed (per?gnt) (percent) [ (percent) nent set below 5’ (yeq. )
o B (min.) cle Before (percent) (percent in.)
D negative Net 1 min. | 3 min.
creep
L 4-75. X100 1500 15. 00
1 7-76.5 13.0 '] 0. 145 0.004 0.088 15.086 | 0.006 | 0.008
L7556 14.0 1] .002 .038 034 16. 120 . 008 004
L7-78.6 10.5 1] .078 .022 .018 15.138 . 002 004
L 7-75.6 11.0 1] 074 .023 015 15.163 . 004 .008 0.008 | 82.6X108| 43.6X10T
L7-78.8 i0.6 0 .069 018 .05 156.168 . 001 .008 .005 | 317 40.4
1L 7-75.8 9.5 [1] 084 018 010 15.178 .002 003
1.7-75.6 8.0 Q .085 018 . 009 16,187 .003 <004 005 | 828 42.2
L 7-50. 10.0 [1] . 025 003 . 000 15.187 002 .008
1,7-718.7 .6 0 0023 15,244
1.7-75.8 9.0 0 .085 . 010 <005 15.249 003 .005 002 21 36.0
L7-75.8 8.0 0 .061 .008 .005 15,254 . 002 .003
L7-75.8 8.5 0 054 009 .008 15. 287 . 006 . 008
L7-75.8 7.5 1] .056 008 . 004 15,261 . 003 . 005
L.7-75.8 11.0 0 087 .008 005 15,266 . 002 .008 . 005 3.8 30.3
L7-75.9 .5 0 . 0008 15.341
L7-76.9 12.0 0 040 .006 003 15. 8344 .002 .008 .003 | 3L.8 3.2
L7750 12.0 [} 040 004 002 15,348 001 .002
L7-75.9 1L5 0 040 .008 .002 15. 348 .003 .00+
1.7-75.9 12.0 0 .050 005 . 002 15.350 .002 .003
L7750 * (1.0 24 3 (. 0009) 15.360 —-
1.7-78.9 10.0 24 .067 032 .037 15. . 004 005 0056 | 20.1 351
L7-75.9 0.0 0 .05 .008 <004 15.801 .002 004 .005 | 895 3.5
L7-75.9 10.0 0 054 . 000 005 15. 898 003 004 L0038 | aL25 811
1.7-78. 9 9.5 Q .052 .006 002 15.398 003 . 004
L7-75.8 57.B Q 085 .010 005 16,404 .002 004 008 3L4 20.5
L7-75.9 1.0 [)] 051 007 004 15.408 .002 .004
1.7-76.0 10.0 0 050 . .00 409 .003 .004 .004 | 318 38.4
« Values of €} are glven as fractional change of modulns per pound per square Ingh. + Estimated value Is Indicated by parentheses.
TABLE IV—HYSTERESIS
SPECIMEN 1A-3
i 2 3 4 5 ] 7 8 '] 10 11 12 i3 14
rime Tomrals Graroent) Negatl
Cy Cen Negalive
Truestress | Lotal ai:nt:fga?;- Strain D&g;&- Iaoogl p’&alﬂ_ creep at m%'; Modulus Cre
Cyele (b.jeq. in.) (poremnt | range onteeny | Betore nent set. | DOOTR, | low top | 2o | o n/m)
(min.) cl;a (percent) megative| Net (percent) | Yo iy { (percen )] "
- creep
L 4-45. 5X108 20.0 3.36 3.2 3.185 8.185
L5458 18.5 [} 0.320 0. 187 0.188 0. 1856 3.34 0.010
| L5455 &3 1} 232 .002 061 . 060 3.401 .001
L5455 8.8 0 230 .083 054 .051 3.452 .008
1.5-45.8 9.0 0 <221 0.088 . 084 038 .034 2.488 .002 (1001 R N U ————
1.5-45.8 0.6 0 . 197 .068 . 064 025 .023 3. 500 . 002 .013 | 34.6X10§ 62 4X10°T,
| L5456 1L & Q .102 . 060 . 049 .019 .016 3.625 003 .010 | 3L1 20.6
L5456 0.0 0 [ 1. I . 088 .025 .022 3. 547 <003
L5456 10.0 0 .108 .061 021 .019 3.566 002
1. 5~456 10.0 1} . 188 .060 050 017 .015 3,581 . 002 014 | 3L2 28.0
1.5-45.8 1L0 0 . 189 .45 .018 018 3.508 002
L545.6 1L0 0 . 189 <047 .018 .015 3,611 . 008
1.5-45.6 10.0 0. . 186 . 054 044 .018 012 8.623 . 004 012 | BL2S 246
L5456 5150 0 ».083 3. 856
1.5-45.8 0.5 ¢ 184 . 050 . 048 . 013 010 8.608 .003 .01l | 38,5 32.2
1.5~456 9.0 [} .182 .080 045 .012 . 3.678 .008 .04 | 3356 32.2
L.5-48.8 »15.0 0 L 8. 701
L5456 10.0 0 .183 . 048 038 .008 . 006 3,707 .002 .005 | 36.6 78.2
L5456 10.0 ¢ 184 .049 048 012 .010 a.717 .002 .010 3L3 18.2

« Values of C; are given as fractional change of modulus per pound per sqnoare Inch. 3 § cycles.
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TABLE V.—HYSTERESIS
SPECIMEN 1A~

b3 2 3 4 5 6 7 8 9 10 I1 12 13 14
- Time Permanent get due Neagtagio‘;emogep
Total | interval Devla- | tocycls (percent) Total (percent} Positive | Modulus

‘True stress | Strain Ce

Cycle renge cle “05“5 Lg? range tion _ per;:m-t be?'ee ans (5. § [.ﬂb )

e range nent se ow 5q. . in.fb,
(M fsa.10) | eniny | Toyele | (mercent) (percent)| Before (percent) (percent)| In.)
omin.) negative Net 1 min. | 2 min,
cTeap

1. 545, 5X(10? vy (LG 3. 80 (8. 50)
1. 5-45.6 10.0 Q:0 0.22¢ 0.098 0.055 O.Ué 8. 582 0.015 | 80.4X100 33.9X10-"
1.5-45.8 9.0 Q:0 L1984 .063 028 034 3. 576 014 [ 29.6 9.8
1.5-45.6 8.0 0:0 . 180 058 .023 021 3. 507 018 | 80.568 22.6
1,.5-45.6 9.6 0:0 .184 087 .19 016 8.613 012 | 33.55 37.8
L5456 &0 0:0 0068 3.686
1.5-45.7 8.0 0:0 .181 .051 018 .013 8. 608 012 | 32.0 18.7
L 6-45.7 10.0 0:0 176 046 012 000 8.707 007 | 3L7 13,2
1. 6-48.7 .8 1:20 0016 3.767 -
L 5-45.7 9.0 0:0 .180 (50 .018 .008 3.765 | .012 | 3L3 11.8
1, 5-48.7 0.0 Q:0 J74 . 040 .010 .007 8.772 Q004 | 3L6&S 15.8
L5457 17.0 45:0 1625 . 0598 . 0086 0064 3.778 .007 | 20.96 39.6
1.5-45.7 13.0 0:02 1009 . 05674 . 0004 .0073 3.786 L0036 | 20.4 36.7
15487 18.5 0:02 . 1015 . 0562 . 0085 . 0069 3.798 0022 | 20.0 33.8
15457 2 0:0 L0018 8.842
1, 5-45.7 14.0 0:02 .1034 . 0580 L0109 0088 3. 851 L0027 | 28.2 24,1
1. 5-45.7 15.0 0:02 . 1032 . 0585 0081 .00éa 3.887 L0004 | 28.2 206.9
1.5-45.7 10.0 72:0 . 2025 . 0654 0189 L0159 3.873 . memmm——— 0016 | 27.7 17.0
L5487 10.5 0:02 . 1800 . 0540 . 00685 .0046 3,878 .0018 L0025 | 28.1 9.3
1.5-45.7 12.5 0:02 <1882 . 0625 . 0059 (036 8. 881 . 0028 . 28.4 25.0
1. 545.7 4 0:02 (. 0003) (3.031)
L 5-45.8 12,5 0:023 . 1888 0513 . 0039 . 0023 3,083 . 0016 0013 | 28.8 .8
1. 5-45.8 1.5 0:02 1802 . 05822 . 0053 . (028 3. 036 . 0027 L0012 | 28.8 25.7
1.5-45.8 L4 18:00 0003) | (B8.968) -
1.5-45.8 17.0 0:02 .1883 0830 . 0067 . (033 3.060 L0024 ..., .0030 | 26.1 20,6
L 5458 18,5 0:02 . 1906 . 0860 . 0088 . 3,975 200.2 |oooeneon .0011 [ 28.85 24,7
1.5-48.8 (1.0) 18:00 - (. 001) 8. 985 ——
1. 5-45.8 71.0 0:02 . 1085 .0614 .0129 .0120 8.9907 L0008 | mooeaoe L0012 | 32.2 55.9

@ Values of C; are glven as fractlonal change of modulus per pound per square inch.

* Estimated values are indicated by parenth. scs.

TABLE VI.—VARIATION OF THE SECANT MODULUS OF ELASTICITY WITH STRESS
[Values of E are given in million pounds par squsre inch. Ci=E/Ey]

1 2 ] 4 b [}
Modulus of

Material Source elastlcity, Hs Type of modulus ks [2)
18:8 Cr-Ni steel. This paper-..cocacee.- 15, 6-172.0 6. 0-58, 0107
Axnnealed 14:2 Cr-N1 steel 86.0- T1.0 10.4-24.6
Qold-drawn Inconel.. ... To be reported........ 5.0~ 25.8 L6-7.4
Qold-drawn K monel metal 13.8~ 24.5 5.3~ 0.8
Carbon steels. £2,7- 4.0 £, 90— 1.60
334 percent nickel steel 12,6~ 6.5 190~ 223
Copper, cold-drawn. 238 1.9
Brass, spring temper. oo e 12.8- 3.0 11,8 2.0
Phos bronze, spring temper. . 8.9 6.5 12.1- 4.4
17 BRT aluminum-alloy Wire. .o oo ooom o moceae e lo. 13.7- 6.5 13.6-6.4
ésm o &?:iicaknnleu&led" d annealed 26. 05-28. 24 Voly 1.7~ 180 5.6 i;

percen el, drawn and annealed. .. .o ooooeameoo X ceeand LT~ N3

Copper, cold-drawn Bridgmsnd_.......... 18.81-19.14 |-127d 10.1- 10,2 E3-5.4
Aluminum, hard-drawn and annealed. .. oo ... 10.82 |---_.do 8.9 3.8

! From refarences 1 and 2,

1 Caloulated from values given for tangent modall.

1 From referenco 18.



